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USE OF PYRONARIDINE, TILORONE, AND
QUINACRINE AGAINST MARBURG VIRUS
AND OTHER VIRUS INFECTIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional application of U.S.

patent application Ser. No. 17/092,058, filed on Nov. 6,
2020, which claims priority to and benefit of U.S. Provi-

sional Patent Application Ser. No. 62/931,456, filed Nowv. 6,
2019. The disclosure of each of these applications 1s 1ncor-
porated herein by reference 1n 1ts entirety.

GOVERNMENT INTEREST

[0002] This invention was made with government support
under Grant Number R21TRO001718 awarded by the
National Institutes of Health. The government has certain
rights in the mvention.

TECHNICAL FIELD

[0003] The presently disclosed subject matter relates to the
use of pyronaridine, tilorone, and/or quinacrine in treating or
preventing diseases caused by viruses, such as Marburg
virus, Chikungunya virus, Nipah virus, and coronaviruses.

BACKGROUND

[0004] FEbola virus 1s a virus that 1s pathogenic against
both humans and non-human primates, causing severe hem-
orrhagic fevers (5) with mortality rates as high as 90%.
Recent outbreaks of Ebola virus (EBOV) 1n Africa have
highlighted the need for new antiviral drugs for this and
other emerging viruses to counter the human and financial
cost (6, 7). For example, the outbreak in Western Africa in
2014-2016 killed over 11,000 and caused over $53bn in
economic damage (8). Overall, there are very few small
molecule drugs that have been approved for tropical viral
disease.

[0005] Accordingly, there 1s an ongoing need for new
methods of treating viral diseases, particularly methods that
could involve the use of small molecule antiviral agents that
can be easily administered, such as via oral administration.

SUMMARY

[0006] The presently disclosed subject matter provides a
method of treating or preventing a disease caused by a viral
infection 1 a subject 1n need of treatment thereof, wherein
the viral infection 1s selected from the group comprising
Marburg virus (MARV), Chikungunya virus (CHIKV),
norovirus, a coronavirus, and Nipah virus, wherein the
method comprises administering to the subject an effective
amount of pyronaridine, quinacrine, tilorone, a combination
thereol, and/or a pharmaceutically acceptable salt thereof.

[0007] In some embodiments, the disease 1s caused by
MARYV. In some embodiments, the disease 1s caused by
CHIKYV and the method comprises administering tilorone
and/or quinacrine or a salt thereof.

[0008] In some embodiments, the disease i1s caused by a
coronavirus. In some embodiments, the disease 1s caused by
Middle East Respiratory Syndrome coronavirus (MERS-
CoV) and the method comprises administering one or both
of pyronaridine and tilorone or a salt thereof.
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[0009] In some embodiments, the disease 1s caused by
norovirus and the method comprises administering pyronari-
dine or a salt thereof. In some embodiments, the disease 1s
caused by Nipah virus and the method comprises adminis-
tering pyronaridine or a salt thereof.

[0010] In some embodiments, the administering com-
prises administering pyronaridine or a salt thereof and
further comprises administering artesunate. In some
embodiments, the subject 1s a mammal. In some embodi-
ments, the subject 1s a human. In some embodiments, the
administering 1s performed via oral administration, intrana-
sal administration, or intravenous administration.

[0011] In some embodiments, the presently disclosed sub-
ject matter provides a method of treating or preventing a
viral infection caused by a virus of the family Filoviridae in
a subject 1 need thereof, wherein the method comprises
administering to the subject an effective amount of pyronari-
dine, quinacrine, tilorone, a combination thereof, and/or a
pharmaceutically acceptable salt thereof. In some embodi-
ments, the viral infection 1s caused by Ebola virus (EBOV)
or Marburg virus (MARYV). In some embodiments, the
method comprises administering pyronaridine or a pharma-
ceutically acceptable salt thereof. In some embodiments, the
method comprises administering quinacrine or a pharma-
ceutically acceptable salt thereof.

[0012] Insome embodiments, the presently disclosed sub-
ject matter provides a method of treating or preventing a
viral infection caused by an alphavirus 1n a subject 1n need
thereolf, wherein the method comprises administering to the
subject an eflective amount of pyronaridine, quinacrine,
tilorone, a combination thereof, and/or a pharmaceutically
acceptable salt thereof. In some embodiments, the alphavi-
rus 1s selected from Chikungunya virus (CHIKV) and Ven-
ezuelan Equine Encephalitis Virus (VEEV). In some
embodiments, the method comprises administering
pyronaridine or a pharmaceutically acceptable salt thereof.
In some embodiments, the method comprises administering
quinacrine or a pharmaceutically acceptable salt thereof.
[0013] Accordingly, 1t 1s an object of the presently dis-
closed subject matter to provide methods of treating or
preventing diseases caused by viral infections, such as
Marburg virus (MARYV), Chikungunya virus (CHIKV),
norovirus, Middle East Respiratory Syndrome coronavirus
(MERS-CoV), and Nipah virus via administration of com-
positions comprising pyronaridine, tilorone, and/or quina-
crine.

[0014] An object of the presently disclosed subject matter
having been stated hereinabove, and which 1s achieved in
whole or in part by the presently disclosed subject matter,
other objects will become evident as the description pro-
ceeds heremnbelow.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The patent or application file contains at least one
drawing executed 1n color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Oflice upon request and payment of the
necessary iee.

[0016] FIG. 1 1s a graph showing the ability of quinacrine
(circles), tilorone (squares), and pyronaridine (triangles) 1n
inhibiting the Ebola virus Vesicular Stromatitis virus
(EBOV-VSV) pseudovirus entry mto human (HelLa) cells.
The graph shows relative infection percentage (%) as a
function of log 10 of the compound concentration (in
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micromolar (uM)). The 30 percent inhibitory concentrations
(IC,s) of the three compounds were as follows: 0.97 uM for
quinacrine; 5.00 uM for tilorone; and 2.07 uM for pyronari-
dine.

[0017] FIG. 2 1s a graph showing the dose response
relationship of quinacrine (circles), tilorone (squares) and
pyronaridine (triangles) versus Marburg virus (MARV),
Musoke strain. Data (percent infection versus log 10 of the
compound concentration (in micromolar (uUM)) represents

multiple experiments (n=6). 50% inhibitory concentrations
(IC.8)xSEM  were 0.775x0.283 uM for quinacring;
1.935+0.304 uM for tilorone; and 1.078+0.197 for pyrodari-

dine.

[0018] FIG. 3A 1s a graph showing pyronaridine (PYR)
ellicacy and cytotoxicity dose response relationships against
multiple Ebola virus (EBOV) strains (Kikwit (Kik), May-
inga (May) and Makona (Mak)) i human (Hela) cells.
EBOV/Kik, Mak, May: multiplicity of infection (MOI) 0.21.
Data 1s provided as percent inhibition versus log 10 of the
compound concentration (in micromolar (UM)).

[0019] FIG. 3B 1s a graph showing pyronaridine (PYR)
elliciency and cytotoxicity dose relationships against two
Marburg virus (MARYV) strains (Angola (Ang) and Musoke
(Mus) 1n human (HeLa) cells. MARV/Ang: multiplicity of
infection (MOI) 021; MARV/Mus: MOI 0.4. Data 1s pro-
vided as percent inhibition versus log 10 of the compound
concentration (in micromolar (uM)).

[0020] FIG. 3C 1s a graph showing tilorone (T1l) eflicacy
and cytotoxicity dose response relationships against mul-
tiple Ebola virus (EBOV) strains (Kikwit (Kik), Mayinga
(May) and Makona (Mak)) in human (HeLa) cells. EBOV/
Kik, Mak, May: multiplicity of mfection (MOI) 0.21. Data
1s provided as percent inhibition versus log 10 of the
compound concentration (in micromolar (UM)).

[0021] FIG. 3D 1s a graph showing tilorone ('111) efliciency
and cytotoxicity dose relationships against two Marburg
virus (MARYV) strains (Angola (Ang) and Musoke (Mus) in
human (HeLa) cells. MARV/Ang: multiplicity of infection
(MOI) 021; MARV/Mus: MOI 0.4. Data 1s provided as
percent inhibition versus log 10 of the compound concen-
tration (1n micromolar (uUM)).

[0022] FIG. 3E i1s a graph showing quinacrine ((Quin)
ellicacy and cytotoxicity dose response relationships against
multiple Ebola virus (EBOV) strains (Kikwit (Kik), May-
inga (May) and Makona (Mak)) i human (Hela) cells.
EBOV/Kik, Mak, May: multiplicity of infection (MOI) 0.21.
Data 1s provided as percent inhibition versus log 10 of the
compound concentration (in micromolar (uUM)).

[0023] FIG. 3F 1s a graph showing quinacrine ((Quin)

elliciency and cytotoxicity dose relationships against two
Marburg virus (MARYV) strains (Angola (Ang) and Musoke

(Mus) 1n human (HelLa) cells. MARV/Ang: multiplicity of
infection (MOI) 021; MARV/Mus: MOI 0.4. Data 1s pro-
vided as percent inhibition versus log 10 of the compound
concentration (in micromolar (uUM)).

[0024] FIG. 4A i1s a schematic diagram showing the
chemical structures of metabolites of pyronaridine 1n guinea
p1g, human and mouse liver microsomes.

[0025] FIG. 4B 1s a graph showing a liquid chromatogra-
phy-dual mass spectrometry (LC-MS/MS) 10n chromato-
graph of pyronaridine (parent) and its metabolites in guinea
pig liver microsomes (GPLM) after a 60-minute incubation
period.
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[0026] FIG. 4C 1s a graph showing a liquud chromatogra-
phy-dual mass spectrometry (LC-MS/MS) 10n chromato-
graph of pyronaridine (parent) and 1ts metabolites 1n human
liver microsomes (HLM) after a 60-minute incubation
period.

[0027] FIG. 5A 1s a schematic diagram showing the
chemical structures of metabolites of tilorone 1n guinea pig,
human and mouse liver microsomes.

[0028] FIG. 5B 1s a graph showing a liquid chromatogra-
phy-dual mass spectrometry (LC-MS/MS) 1on chromato-
graph of tilorone (parent) and 1ts metabolites 1n mouse liver
microsomes (MLM) after a 60-minute 1ncubation period.
[0029] FIG. 5C 1s a graph showing a liquid chromatogra-
phy-dual mass spectrometry (LC-MS/MS) 1on chromato-
graph of tilorone (parent) and its metabolites 1n guinea pig
liver microsomes (GPLM) after a 60-minute incubation
period.

[0030] FIG. 5D 1s a graph showing a liquid chromatogra-
phy-dual mass spectrometry (LC-MS/MS) 1on chromato-
graph of tilorone (parent) and its metabolites 1n human liver
microsomes (HLM) after a 60-minute incubation period.
[0031] FIG. 6A 1s a schematic diagram showing the
chemical structures of metabolites of quinacrine 1n guinea
pig, human and mouse liver microsomes.

[0032] FIG. 6B is a graph showing a liquud chromatogra-
phy-dual mass spectrometry (LC-MS/MS) 1on chromato-
graph ol quinacrine (parent) and its metabolites in mouse
liver microsomes (MLM) after a 60-minute incubation
period.

[0033] FIG. 6C i1s a graph showing a liquud chromatogra-
phy-dual mass spectrometry (LC-MS/MS) 1on chromato-
graph ol quinacrine (parent) and its metabolites 1n guinea
pig liver microsomes (GPLM) after a 60-minute incubation
period.

[0034] FIG. 6D 1s a graph showing a liquid chromatogra-
phy-dual mass spectrometry (LC-MS/MS) 1on chromato-
graph ol quinacrine (parent) and i1ts metabolites 1n human
liver microsomes (HLM) after a 60-minute incubation
period.

[0035] FIG. 7A i1s a schematic diagram showing the
chemical structures of metabolites of chloroquine 1n guinea
p1g, human and mouse liver microsomes.

[0036] FIG. 7B is a graph showing a liquud chromatogra-
phy-dual mass spectrometry (LC-MS/MS) 10n chromato-
graph of chloroquine (parent) and its metabolites in mouse
liver microsomes (MLM) after a 60-minute incubation
period.

[0037] FIG. 7C 1s a graph showing a liquid chromatogra-
phy-dual mass spectrometry (LC-MS/MS) 10n chromato-
graph of chloroquine (parent) and 1ts metabolites 1n guinea
pig liver microsomes (GPLM) after a 60-minute incubation
period.

[0038] FIG. 7D 1s a graph showing a liquid chromatogra-
phy-dual mass spectrometry (LC-MS/MS) 10n chromato-
graph of chloroquine (parent) and its metabolites 1n human
liver microsomes (HLM) after a 60-minute incubation
period.

[0039] FIG. 8A1s a graph from a maximum tolerated dose
(MTD) study showing the percent survival of guinea pigs
dosed wvia oral gavage with 0 milligrams per kilogram
(mg/kg) (vehicle), 125 mg mg/kg, 300 mg/kg, or 600 mg/kg
pyronaridine as a function of time (study day).

[0040] FIG. 8B 1s a graph from a maximum tolerated dose
(MTD) study showing the change in body weight (as a
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percentage) of guinea pigs dosed via oral gavage with O
milligrams per kilogram (mg/kg) (vehicle), 125 mg mg/kg,
300 mg/kg, or 600 mg/kg pyronaridine as a function of time
(study day).

[0041] FIG. 8C 1s a graph showing the relationship
between plasma concentration (1n nanograms per milliliter
(ng/ml) of pyronaridine versus time (1n hours (hr)) after oral
dosing with 600 milligrams per kilogram (mg/kg) pyronari-
dine 1n guinea pigs.

[0042] FIG. 8D i1s a graph from a maximum tolerated dose
(MTD) study showing the percent survival of guinea pigs
dosed intraperitoneally with 0 milligrams per kilogram
(mg/kg) (vehicle), 125 mg mg/kg, 200 mg/kg, or 300 mg/kg
pyronaridine as a function of time (study day).

[0043] FIG. 8E is a graph from a maximum tolerated dose
(MTD) study showing the change in body weight (as a
percentage) ol guinea pigs dosed via intraperitoneally with
0 milligrams per kilogram (mg/kg) (vehicle), 125 mg mg/ke,
200 mg/kg, or 300 mg/kg pyronaridine as a function of time
(study day).

[0044] FIG. 8F i1s a graph showing the relationship
between plasma concentration (1n nanograms per milliliter
(ng/ml) of pyronaridine versus time (in hours (hr)) after
intraperitoneal administration of 125 milligrams per kilo-
gram (mg/kg) pyronaridine in guinea pigs.

[0045] FIG. 9A1s a graph from a maximum tolerated dose
(MTD) study showing the percent survival of guinea pigs
dosed via oral gavage with 0 milligrams per kilogram
(mg/kg) (vehicle), 30 mg/kg, 60 mg mg/kg, 100 mg/kg, or
150 mg/kg tilorone as a function of time (study day).
[0046] FIG. 9B 1s a graph showing plasma concentration
(in nanograms per milliliter (ng/ml) versus time (1n hours) 1n
guinea pigs dosed with a single (circles) dose of 30 muilli-
grams per kilogram (mg/kg) tilorone or after the seventh
dose of 30 mg/kg tilorone administered once a day for seven
days.

[0047] FIG. 9C 1s a graph showing the relationship
between plasma concentration (1n nanograms per milliliter
(ng/ml) of tilorone versus time (1n hours (hr)) after a single
dose of tilorone at a concentration of 30 milligrams per
kilogram (mg/kg), 100 mg/kg, or 200 mg/kg.

[0048] FIG. 10 1s a graph showing the pharmacokinetics
profile of tilorone (plasma concentration in nanograms per
milliliter (ng/ml) versus time after the single or final dose of
tilorone) as a function of dose and gender in guinea pigs.
Data 1s provided for male guinea pigs after one dose of 30
milligrams per kilogram (mg/kg) tilorone (small circles);
female guinea pigs alter one dose of 30 mg/kg tilorone
(small squares), male guinea pigs after the seventh dose of
once-a-day dosing with 30 mg/kg tilorone (small upward-
facing triangles), female guinea pigs after the seventh dose
ol once-a-day dosing with 30 mg/kg tilorone (small down-
ward-facing triangles), male guinea pigs aiter one dose of
100 mg/kg tilorone (diamonds), female guinea p1gs after one
dose of 100 mg/kg tilorone (large circles), male guinea pigs
after one dose of 200 mg/kg tilorone (large squares), and
female guinea pigs after one dose of 200 mg/kg tilorone
(larger upward-facing triangles). Comparison by respective
dose showed there was no statistically significant in-group
difference between male and female GPs or between a single
and 7-day dosing regimen by sex (C___ or AUC, ., Dun-
nett’s T3 test).

[0049] FIG. 11A 1s a graph showing the survival curves of
guinea pigs infected with guinea pig Ebola virus (gpEBOV)
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and dosed once with pyronaridine (300 milligrams per
kilogram (mg/kg) or 600 mg/kg), once a day with favipira-
vir, or vehicle. The difference from vehicle was not signifi-
cant (Log-rank (Mantel-Cox) test). Data from two favipira-
vir groups (n=16 combined) from independent studies were
combined to strengthen predictive power.

[0050] FIG. 11B 1s a graph showing the mean percent (%)
body weight change (versus body weight at the time of
infection) 1n guinea pigs as a function of time (1n days) post
infection with guinea pig Ebola virus (gaEBOV) 1n guinea
pigs treated once with 300 milligrams per kilogram (mg/kg)
or 600 mg/kg pyronaridine, once a day with favipiravir, or
vehicle.

[0051] FIG. 11C 1s a graph showing the mean clinical
scoring results (bars, on a scale of 0 to 4) overlaid with
percent survival (line) 1n guinea pigs infected with guinea
pig Ebola virus (gaEBOV) and treated with vehicle, once a
day with favipiravir, once with 300 milligrams per kilogram
(mg/kg) pyronaridine, or once with 600 mg/kg pyronaridine.

[0052] FIG. 11D 1s a graph showing the results of a plaque
assay for viable Ebola virus (EBOV) 1n sera from guinea
pigs sacrificed based on clinical score with Dunnett’s T3
multiple comparisons test. Data 1s provided as plaque form-
ing umts per milliliter (PFU/ml) 1n EBOV 1nfected guinea
pigs treated with vehicle, once a day with favipirivir, once
with 300 milligrams per kilogram (mg/kg) pyronaridine, or
600 mg/kg pyronaridine. Statistical significance was calcu-
lated with log-transformed plaque assay data using a Dun-
nett’s T3 multiple comparisons test (Forsythe and Welch
ANOVA) with the vehicle designated as the control. The
difference from the vehicle was not found to be significant.
For the plaque assay gaEBOYV viral load had a lower limait
of detection (LLOD) of 100 PFU/ml. Quantified values
below these where set to 0.5xLLOD. Bars and error-bars
represents the geometric mean and geometric SD.

[0053] FIG. 12A 1s a graph showing survival curves of
guinea pigs infected with guinea pig Ebola virus (gpEBOV)
and dosed once a day for eight days with tilorone (15
milligrams per kilogram (mg/kg), 30 mg/kg or 50 mg/kg),
favipiravir, or vehicle. Data from two favipiravir groups
(n=16 combined) from 1independent studies were combined
to strengthen predictive power. Asterisks represent signifi-
cant diflerence from the vehicle (Log-rank (Mantel-Cox)
test).

[0054] FIG. 12B 1s a graph of mean percent body weight
change from study day 0 1n guinea pigs as a function of time
(1n days) post infection with guinea pig Ebola virus (gaE-
BOV) 1n guinea pigs treated once a day for eight days with
tilorone (15 milligrams per kilogram (mg/kg), 30 mg/kg or
50 mg/kg), favipiravir, or vehicle. Data from two favipiravir
groups (n=16 combined) from independent studies were
combined to strengthen predictive power.

[0055] FIG. 12C 1s a graph showing the mean clinical
scoring results (bars, on a scale of 0 to 4) overlaid with
percent survival (line) 1n guinea pigs infected with guinea
pig Ebola virus (gaEBOV) and treated once a day with
vehicle, favipiravir, or 15 milligrams per kilogram (mg/kg),
30 mg/kg, or 50 mg/kg tilorone.

[0056] FIG. 12D 1s a graph showing the results of a plaque
assay for viable guinea pig Ebola virus (gaEBOV) in sera
from 1nfected guinea pigs treated once a day with vehicle,
tavipiravir, or with 15 milligrams per kilogram (mg/kg), 30
mg/kg, or 50 mg/kg tilorone (guinea pigs sacrificed based on
clinical score and scheduled sacrifice). Statistical signifi-
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cance was calculated with log-transformed plaque assay data
using a Dunnett’s T3 multiple comparisons test (Forsythe
and Welch ANOVA) with the vehicle designated as the
control. For the plaque assay, gaEBOV wviral load had a
lower limit of detection (LLOD) o1 100 plaque forming units
per milliliter (PFU/ml). Quantified values below these where
set to 0.5xLLOD. Bars and error-bars represents the geo-
metric mean and geometric standard deviation (SD).
[0057] FIG. 13 1s a graph showing survival curves for
guinea pigs treated with pyronaridine (300 milligrams per
kilogram (mg/kg) or 600 mg/kg), favipiravir, vehicle (oral)
and meta-vehicle control. Data from favipiravir (combined,
n=16) groups were combined from two independent studies
in order to strengthen their predictive power. In addition, the
meta-negative control 1s from four additional independent
studies, representing the comprehensive comparable litera-
ture guinea pig negative control data (guinea pigs were
either untreated or treated with a vehicle administered via
oral gavage, n=>53). Asterisks represent significant diflerence
from the vehicle (Log-rank (Mantel-Cox) test).

[0058] FIG. 14A 1s a graph showing Ebola glycoprotein
dissociation constant (Kd) values generated using
microscale thermophoresis data for tilorone.

[0059] FIG. 14B i1s a graph showing Ebola glycoprotein
dissociation constant (Kd) values generated using
microscale thermophoresis data for pyronaridine (triangles)
and toremifene (circles).

[0060] FIG. 14C 1s a graph showing the Ebola glycopro-
tein dissociation constant (Kd) value generated using
microscale thermophoresis data for quinacrine.

[0061] FIG. 15 1s a graph showing the dose response
curves for quinacrine (diamonds), pyronaridine (circles),
and tilorone (squares) versus murine hepatitis virus (MHV)
in murine delayed brain tumor (DBT) cells, a model of
Severe Acute Respiratory Syndrome coronavirus 2 (SARS-
Cov-2) replication. The 50% 1inhibitory concentrations
(IC.,s) of quinacrine and pyronaridine were 2.3 micromolar
(uM) and 2.75 uM, respectively. The tilorone dose response
curve did not reach the plateau and the 1C., was estimated
to be 20 uM.

[0062] FIG. 16A 1s a graph showing tilorone eflicacy
(circles) and cytotoxicity (triangles) dose response relation-
ships against Severe Acute Respiratory Syndrome corona-

virus 2 SARS-Cov-2) 1n A549-ACE2 cell lines. Tilorone has
a 50% inhibitory concentration (IC.,) of about 180 nano-

molar (nM). Data 1s provided as percent inhibition versus
log of the compound concentration (molar (IM)).

[0063] FIG. 16B 1s a graph showing quinacrine eflicacy
(circles) and cytotoxicity (triangles) dose response relation-
ships against Severe Acute Respiratory Syndrome corona-
virus 2 SARS-Cov-2) in A349-ACE2 cell lines. Quinacrine

has a 50% inhibitory concentration (IC.,) of about 122
nanomolar (nM). Data 1s provided as percent inhibition

versus log of the compound concentration (molar (M)).

[0064] FIG. 16C is a graph showing pyronaridine eflicacy
(circles) and cytotoxicity (triangles) dose response relation-

ships against Severe Acute Respiratory Syndrome corona-
virus 2 SARS-Cov-2) 1n A549-ACE2 cell lines. Pyronari-

dine has a 50% inhibitory concentration (IC,) of about 198
nanomolar (nM). Data 1s provided as percent inhibition
versus log of the compound concentration (molar (M)).

[0065] FIG. 16D i1s a graph showing remdesevir eflicacy
(circles) and cytotoxicity (triangles) dose response relation-
ships against Severe Acute Respiratory Syndrome corona-
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virus 2 SARS-Cov-2) in A549-ACE2 cell lines. Remdesivir
has a 50% inhibitory concentration (IC.,) of about 147
nanomolar (nM). Data 1s provided as percent inhibition
versus log of the compound concentration (molar (M)).

[0066] FIG. 17A is pair of graphs showing the inhibition/
cytotoxicity plots for pyronaridine (left) and artesunate
(right) controls (compound tested in the absence of the other
compound). Controls were run 1n triplicate at 5 concentra-
tions per plate, so the total number from replicates for each
compound varied (Pyronaridine, n=27; Artesunate, n=18).
Error bars represent the SEM at each concentration tested.

[0067] FIG. 17B is a series of graphs (from left to right)
of the inhibition plots of the smoothed raw data, predicted
additive mhibition and predicted inhibition using the 7-pa-
rameter BRAID analysis of pyronaridine and artesunate.

[0068] FIG. 17C 1s a series of graphs of the cytotoxicity
plots (toxicity 1s representative ol % cell death from control)
from the 7-parameter BRAID analysis of pyronaridine and

artesunate arranged 1n the same manner as ihibition plots
described for FIG. 17B.

DETAILED DESCRIPTION

[0069] The presently disclosed subject matter will now be
described more fully. The presently disclosed subject matter
can, however, be embodied 1n different forms and should not
be construed as limited to the embodiments set forth herein
below and in the accompanying Examples. Rather, these
embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of
the embodiments to those skilled 1n the art.

[0070] All references listed herein, including but not lim-
ited to all patents, patent applications and publications
thereof, and scientific journal articles, are incorporated
herein by reference 1n their entireties to the extent that they
supplement, explain, provide a background for, or teach
methodology, techniques, and/or compositions employed
herein.

[. DEFINITIONS

[0071] While the following terms are believed to be well
understood by one of ordinary skill in the art, the following
definitions are set forth to {facilitate explanation of the
presently disclosed subject matter.

[0072] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood to one of ordinary skill in the art to which the
presently disclosed subject matter belongs.

[0073] Following long-standing patent law convention,

the terms “a”, “an”, and ‘“‘the” refer to “one or more” when
used 1n this application, including the claims.

[0074] The term “and/or” when used 1n describing two or
more items or conditions, refers to situations where all
named i1tems or conditions are present or applicable, or to
situations wherein only one (or less than all) of the 1tems or
conditions 1s present or applicable.

[0075] The use of the term “or” 1n the claims 1s used to
mean “and/or” unless explicitly indicated to refer to alter-
natives only or the alternatives are mutually exclusive,
although the disclosure supports a definition that refers to
only alternatives and “and/or.” As used herein “another” can
mean at least a second or more.

[0076] The term “comprising”’, which 1s synonymous with
“including,” “containing,” or “characterized by” 1s inclusive
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or open-ended and does not exclude additional, unrecited
clements or method steps. “Comprising’” 1s a term of art used
in claim language which means that the named elements are
essential, but other elements can be added and still form a
construct within the scope of the claim.

[0077] As used herein, the phrase “consisting of” excludes
any element, step, or ingredient not specified in the claim.
When the phrase “consists of” appears in a clause of the
body of a claim, rather than immediately following the
preamble, 1t limits only the element set forth 1n that clause;
other elements are not excluded from the claim as a whole.
[0078] As used herein, the phrase “consisting essentially
of” limits the scope of a claim to the specified materials or
steps, plus those that do not materially aflect the basic and
novel characteristic(s) of the claimed subject matter.
[0079] With respect to the terms “comprising”, “consist-
ing of”, and “consisting essentially of””, where one of these
three terms 1s used herein, the presently disclosed and
claimed subject matter can include the use of either of the
other two terms.

[0080] Unless otherwise indicated, all numbers expressing
quantities of time, concentration, dosage and so forth used 1n
the specification and claims are to be understood as being
modified 1n all instances by the term “about”. Accordingly,
unless indicated to the contrary, the numerical parameters set
forth 1n this specification and attached claims are approxi-
mations that can vary depending upon the desired properties
sought to be obtained by the presently disclosed subject

matter.

[0081] As used herein, the term “about”, when referring to
a value 1s meant to encompass variations of 1n one example
+20% or +£10%, 1n another example +5%, in another
example £1%, and 1n still another example £0.1% from the
specified amount, as such variations are appropriate to
perform the disclosed methods.

[0082] As use herein, the terms “administration of”” and/or
“adminmistering” a compound can be understood to refer to
providing a compound of the presently disclosed subject
matter to a subject 1n need of treatment. As used herein
“admimistering” includes administration of a compound or
compounds by any number of routes and modes including,
but not limited to, topical, oral, buccal, intravenous, intra-
muscular, intra-arterial, intramedullary, intrathecal, intra-
ventricular, transdermal, subcutaneous, intraperitoneal,
intranasal, enteral, topical, sublingual, vaginal, ophthalmic,
pulmonary, vaginal, and rectal approaches.

[0083] As used herein, an “effective amount” or ““thera-
peutically effective amount” refers to an amount of a com-
pound or composition suflicient to produce a selected eflect,
such as but not limited to alleviating symptoms of a condi-
tion, disease, or disorder. In the context of administering
compounds 1n the form of a combination, such as multiple
compounds, the amount of each compound, when adminis-
tered 1n combination with one or more other compounds,
may be different from when that compound 1s administered
alone. Thus, an eflective amount of a combination of com-
pounds refers collectively to the combination as a whole,
although the actual amounts of each compound may vary.
The term “more eflective” means that the selected eflect
occurs to a greater extent by one treatment relative to the
second treatment to which 1t 1s being compared.

[0084] The term “prevent”, as used herein, means to stop
something from happening, or taking advance measures
against something possible or probable from happening. In
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the context of medicine, “prevention” generally refers to
action taken to decrease the chance of getting a disease or
condition. It 1s noted that “prevention” need not be absolute,
and thus can occur as a matter of degree.

[0085] The terms “‘treatment” and “treating” as used
herein refer to both therapeutic treatment and prophylactic
or preventative measures, wherein the object 1s to prevent or
slow down (lessen) the targeted pathologic condition, pre-
vent the pathologic condition, pursue or obtain beneficial
results, and/or lower the chances of the individual develop-
ing a condition, disease, or disorder, even 1f the treatment 1s
ultimately unsuccessiul. Those 1n need of treatment include
those already with the condition as well as those prone to
have or predisposed to having a condition, disease, or
disorder, or those 1n whom the condition 1s to be prevented.
In the context of viral diseases, those in need of treatment
include those coming into contact with subject already
having or suspected of having a disease caused by the viral
infection, those living in or traveling through geographical
regions where there are active or prior outbreaks of the viral
disease, and any other subjects who have been or could be
exposed to the virus (e.g., while doing scientific research on
the virus, by coming 1nto contact with virus infected mate-
rials (e.g., medical waste) or though the medical or veteri-
nary treatment ol others (either humans or other animals)
who are known to have or are suspected of having been
infected with the virus.

II. GENERAL CONSIDERATIONS

[0086] The ongoing outbreaks of the Ebola virus (EBOV)

in Africa have brought global visibility to the shortage of
available therapeutic options to treat patients with this or
other viruses. Repurposing drugs for different diseases oflers
the opportunity to translate a molecule that 1s approved for
one use and potentially accelerate 1ts application and
approval for another (1-3). For example, pyronaridine has
been described for treating malaria (14). It 1s a component
of the EU-approved antimalarial Pyramax, which 1s a com-
bination antimalarial therapy with artesunate and pyronari-
dine and 1s approved for this use in the Democratic Republic
of the Congo.

[0087] The presently disclosed subject matter relates, 1n
some aspects, to translating pyronaridine and other clinical
stage compounds, e.g., tilorone and quinacrine, rapidly to
the clinic as a treatment or preventative agent for diseases
caused by viruses such as, but not limited to, filoviruses
Ebola virus (EBOV) or Marburg virus (MARYV)), norovirus,
alphaviruses, such as Chikingunya virus (CHIKV) and Ven-
ezuelan Equine Encephalitis Virus (VEEV), Nipah virus,
arenaviruses (e.g., Tacaribe virus), arboviruses (e.g., Yellow
Fever virus), enteroviruses, Dengue virus, influenza viruses,
and coronaviruses, such as Middle East Respiratory Syn-
drome (MERS) virus and Severe Acute Respiratory Syn-
drome (SARS) coronavirus 2 (SARS-CoV-2). In some
embodiments, the virus 1s MARYV, CHIKYV, Nipah virus,
norovirus, or MERS. The presently disclosed studies with
tilorone, quinacrine, and pyronaridine can also provide
compounds which could be combined as therapies.

[0088] As described 1n the Examples below, pyronaridine,
tilorone, and quinacrine were tested against EBOV and
MARY as well as multiple other viruses. More particularly,
pyronaridine, tilorone and quinacrine demonstrated statisti-
cally significant etlicacy in the mouse model of infection

with mouse adapted Ebola virus (ma-EBOV). One of these
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molecules, the antimalarial pyronaridine tetraphosphate
demonstrates an IC;, range of 0.82-1.30 uM against three
strains of EBOV and an IC., range of 1.01-2.72 uM against
two strains of Marburg virus (MARV)). Previously, no small
molecule drugs have shown statistically significant survival
in the guinea pig model of EBOV infection. As described
hereinbelow, pharmacokinetics and range-finding studies in
guinea pigs found eflicacy for a single 300 mg/kg or 600
mg/kg oral dose of pyronaridine 1 hour after infection. A
meta-analysis of vehicle controls from four independent
studies was performed using oral gavage (n=>53). Pyronari-
dine resulted 1n statistically significant survival of 40% at
300 mg/kg and protected from a lethal challenge waith
EBOV. In comparison, oral favipiravir (300 mg/kg dosed
once a day) had 43.5% survival. The in vitro metabolism and
metabolite 1dentification of pyronaridine and tilorone sug-
gests species differences. In summary, the presently dis-
closed 1n vitro and 1n vivo studies with pyronaridine 1n the
guinea pig model demonstrates its utility for repurposing it,

as well as tilorone and quinacrine, as an antiviral against
EBOV, MARYV virus and other viruses.

[0089] For instance, these three compounds were tested 1n
various cell lines (VeroE6, Vero76, Caco-2, Calu-3, A549-
ACE2, HUH-7 and monocytes) infected with the coronavi-
rus SARS-CoV-2, the causative agent of COVID-19, as well
as other coronaviruses, including the group 2 coronavirus
murine hepatitis virus (IMHV). They were also tested against
pseudovirus and via microscale thermophoresis to test the
binding of the compounds to spike protein. While there was
variability 1n antiviral activity across cell lines, 1t was found
that tilorone and pyronaridine inhibited the SARS-CoV-2 in
A549-ACE2 cells with IC, values of 180 nM and IC., 198
nM, respectively. They also bind to Spike receptor binding,
domain (RBD) protein with K , values of 339 nM and 647
nM, respectively. The human C___ for pyronaridine and
quinacrine 1s greater than the IC., obtained 1n human clini-
cal studies testing these compounds against other diseases.

[0090] Accordingly, 1n some embodiments, the presently
disclosed subject matter provides a method of treating or
preventing a disease caused by a viral infection 1n a subject
in need of treatment thereof, wherein the method comprises
administering a compound selected from pyronaridine, qui-
nacrine, tilorone, or a combination and/or pharmaceutically
acceptable salt thereof. In some embodiments, the virus of
the viral infection 1s selected from the group including, but
not limited to filoviruses, such as Ebola virus (EBOV) or
Marburg virus (MARYV); alphaviruses, such as, but not
limited to Chikungunya virus (CHIKV) and Venezuelan
Equine Encephalitis Virus (VEEV); norovirus; a coronavirus
(e.g., a betacoronavirus such as Middle East Respiratory
Syndrome coronavirus (MERS-CoV) or Severe Acute
Respiratory Syndrome coronavirus 2 (SARS-CoV-2) , and
Nipah virus, wherein the method comprises administering to
the subject an eflective amount of pyronaridine, quinacrine,
tilorone, a combination thereof, and/or a pharmaceutically
acceptable salt thereof.

[0091] In some embodiments, the disease 1s caused by
MARYV. In some embodiments, the disease i1s caused by a
viral infection of MARYV, strain Angola. In some embodi-
ments, the disease 1s caused by a viral infection of MARY,
strain Musoke.

[0092] In some embodiments, the disease 1s caused by
CHIKYV. In some embodiments, the method of treating or
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preventing CHIKYV comprises administering tilorone and/or
quinacrine or a salt or salts thereof.

[0093] In some embodiments, the disease i1s caused by a
coronavirus. In some embodiments, the coronavirus is
MERS-CoV. In some embodiments, the coronavirus is
MERS-CoV and the method comprises administering one or
both of pyronaridine and tilorone or a salt or salts thereot. In
some embodiments, the method comprises administering,
tilorone or a salt thereof. In some embodiments, the coro-
navirus 1s SARS-CoV-2. In some embodiments, the coro-
navirus 1s SARS-CoV-2 and the method comprises admin-
1stering quinacrine.

[0094] In some embodiments, the disease 1s caused by
norovirus. In some embodiments, the method of treating or
preventing a disease caused by norovirus comprises admin-
istering pyronaridine or a salt thereof.

[0095] In some embodiments, the disease 1s caused by
Nipah virus. In some embodiments, the method of treating
or preventing the disease caused by Nipah virus comprises
administering pyronaridine or a salt thereof.

[0096] In some embodiments, the method comprises
administering pyronaridine or a salt thereof (e.g., pyronari-
dine tetraphosphate). In some embodiments, the method
further comprises administering artesunate.

[0097] The subject in need of treatment can be any subject.
In some embodiments, the subject 15 a mammal. In some
embodiments, the subject 1s a human. In some embodiments,
the subject 1s a non-human primate. In some embodiments,
the subject 1s livestock, e.g., horses, cattle, pigs, sheep,
goats, donkeys, chickens, geese, etc.

[0098] The administering can be via any suitable route. In
some embodiments, the administering 1s via oral adminis-
tration. In some embodiments, the administering 1s per-
formed via intranasal administration. In some embodiments,
the admainistration 1s via itravenous administration.

[0099] In some embodiments, the presently disclosed sub-
ject matter provides a method of treating or preventing a
viral infection caused by a virus of the family Filoviridae in
a subject in need thereof, wherein the method comprises
administering to the subject an effective amount of pyronari-
dine, quinacrine, tilorone, a combination thereof, and/or a
pharmaceutically acceptable salt thereof. For example, the
viral infection can be caused by an Ebola virus, e.g., of the
Mayinga, Makona, or Kikwit strain. In some embodiments,
the viral infection 1s caused by Marburg virus (MARV), e.g.,
of the Angola or Musoke strain.

[0100] In some embodiments, the method comprises
administering pyronaridine or a pharmaceutically acceptable
salt thereof (e.g., pyronaridine tetraphosphate). In some
embodiments, the method comprises administering quina-
crine or a pharmaceutically acceptable salt thereof (e.g.,
quinacrine dihydrochloride). In some embodiments, the
method comprises adminmistering a combination of at least
two of pyronaridine, quinacrine and tilorone.

[0101] Insome embodiments, the presently disclosed sub-
ject matter provides a method of treating or preventing a
viral infection caused by an alphavirus 1n a subject 1n need
thereolf, wherein the method comprises administering to the
subject an eflective amount of pyronaridine, quinacrine,
tilorone, a combination thereof, and/or a pharmaceutically
acceptable salt thereof. In some embodiments, the alphavi-
rus 1s CHIKYV. In some embodiments, the alphavirus is
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[0102] In some embodiments, the method comprises
administering pyronaridine or a pharmaceutically acceptable
salt thereof (e.g., pyronaridine tetraphosphate). In some
embodiments, the method comprises administering quina-
crine or a pharmaceutically acceptable salt thereof (e.g.,
quinacrine dihydrochloride). In some embodiments, the
method comprises administering a combination of at least
two of pyronaridine, quinacrine and tilorone.

[II. PHARMACEUTICALLY ACCEPTABLE
SALTS AND COMPOSITIONS

[0103] As noted above, 1n some embodiments, the active
compounds of the presently disclosed subject matter (e.g.,
pyronaridine, tilorone, and quinacrine) can be provided as
pharmaceutically acceptable salts. Such salts include, but are
not limited to, pharmaceutically acceptable acid addition
salts, pharmaceutically acceptable base addition salts, phar-
maceutically acceptable metal salts, ammonium and alky-
lated ammonium salts, and combinations thereof.

[0104] Acid addition salts include salts of inorganic acids
as well as organic acids. Representative examples of suitable
morganic acids 1include hydrochloric, hydrobromic,
hydroiodic, phosphoric, sulfuric, nitric acids and the like.
Representative examples of suitable organic acids include
formic, acetic, trichloroacetic, trifluoroacetic, propionic,
benzoic, cinnamic, citric, fumaric, glycolic, lactic, maleic,
malic, malonic, mandelic, oxalic, picric, pyruvic, salicylic,
succinic, methanesulfonic, ethanesulfonic, tartaric, ascorbic,
pamoic, bismethylene salicylic, ethanedisulfonic, gluconic,
citraconic, aspartic, stearic, palmitic, EDTA, glycolic,
p-aminobenzoic, glutamic, benzenesulionic, p-toluenesulio-
nic acids, sulphates, nitrates, phosphates, perchlorates,
borates, acetates, benzoates, hydroxynaphthoates, glycero-
phosphates, ketoglutarates and the like.

[0105] Base addition salts mclude but are not limited to,
cthylenediamine, N-methyl-glucamine, lysine, arginine,
ornithine, choline, N, N'-dibenzylethylenediamine, chloro-
procaine, diethanolamine, procaine, N-benzylphenethylam-
ine, diethylamine, piperazine, tris (hydroxymethyl)-ami-
nomethane, tetramethylammonium hydroxide,
tricthylamine, dibenzylamine, ephenamine, dehydroabi-
ctylamine, N-ethylpiperidine, benzylamine, tetramethylam-
monium, tetracthylammonium, methylamine, dimethylam-
ine, trimethylamine, ethylamine, basic amino acids, e.g.,
lysine and arginine dicyclohexylamine and the like.

[0106] Examples of metal salts include lithtum, sodium,
potassium, magnesium salts and the like. Examples of
ammonium and alkylated ammonium salts include ammo-
nium, methylammonium, dimethylammonium, trimethyl-
ammonium, cthylammonium, hydroxyethylammonium,
diethylammonium, butylammonium, tetramethylammonium
salts and the like.

[0107] In some embodiments, the presently disclosed
compounds can further be provided as a solvate.

[0108] The active compounds can be used on a sample
either 1n vitro (for example, on 1solated cells or tissues) or
In vivo 1n a subject (1.e. living organism, such as a patient).
In some embodiments, the subject or patient 1s a human
subject, although it 1s to be understood that the principles of
the presently disclosed subject matter indicate that the
presently disclosed subject matter 1s effective with respect to
all vertebrate species, including mammals, which are
intended to be included 1n the terms “subject” and “patient”.
Moreover, a mammal 1s understood to include any mamma-
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lian species for which employing the compositions and
methods disclosed herein 1s desirable, particularly agricul-
tural and domestic mammalian species.

[0109] As such, the methods of the presently disclosed
subject matter are particularly useful 1n warm-blooded ver-
tebrates. Thus, the presently disclosed subject matter con-
cerns mammals and birds. More particularly provided are
methods and compositions for mammals such as humans
and non-human primates, as well as other mammals of
importance due to being endangered (such as Siberian
tigers), of economic importance (animals raised on farms for
consumption by humans), and/or of social importance (ani-
mals kept as pets or 1n zoos) to humans, for instance,
carnmivores other than humans (such as cats and dogs), swine
(p1gs, hogs, and wild boars), ruminants (such as cattle, oxen,
sheep, giralles, deer, goats, bison, and camels), and horses.
Also provided 1s the treatment of birds, including the treat-
ment of those kinds of birds that are endangered, kept in
7Z00s or as pets (e.g., parrots), as well as fowl, and more
particularly domesticated fowl, for example, poultry, such as
turkeys, chickens, ducks, geese, guinea fowl, and the like, as
they are also of economic importance to humans. Thus, also
provided 1s the treatment of livestock including, but not

limited to domesticated swine (pigs and hogs), ruminants,
horses, poultry, and the like.

[0110] In some embodiments, the active compounds can
include more than one of the active compounds described
herein or can mclude one or more of the active compounds
and one or more additional therapeutic agents. Thus, 1n some
embodiments, the active compound or compounds can be
administered along with one or more additional therapeutic
agents known 1n the art for treating a disease or disorder
associated with a viral infection or a symptom thereof. For
example, the compounds can be co-administered with an
antiviral compound that 1s not pyronaridine, quinacrine or
tilorone or with a therapeutic agent useful i1n treating a
symptom of a viral infection (e.g., pain, fever, headache,
stully/runny nose, cough, iflammation, etc.). The active
compounds and the one or more additional therapeutic
agents can be provided 1n a single formulation or co-
administered in separate formulations at about the same time
or at different times (e.g., different times within the same
day, week, or month).

[0111] In some embodiments, the active compound of the
presently disclosed subject matter can be administered 1n a
pharmaceutically acceptable composition where the com-
pound can be admixed with one or more pharmaceutically
acceptable carriers. The term “pharmaceutically acceptable
carrier’ means a non-toxic material that does not interfere
with the effectiveness of the biological activity of the active
ingredients. In some embodiments, the pharmaceutically
acceptable composition can also contain salts, bullering
agents, preservatives, compatible carriers, and optionally
other therapeutic agents.

[0112] Suitable methods for administration of an active
compound or pharmaceutically acceptable composition
thereol to a subject include, but are not limited to intrave-
nous 1njection, oral administration, buccal, topical, subcu-
taneous administration, intraperitoneal injection, pulmonary,
intranasal, itracranial injection, and rectal administration.
The particular mode of administering a composition matter
depends on various factors, including the distribution and
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abundance of cells to be ftreated and mechanisms for
metabolism or removal of the composition from 1ts site of
administration.

[0113] An eflective dose of a composition of the presently
disclosed subject matter 1s administered to a subject. An
“effective amount™ 1s an amount of the composition suili-
cient to produce detectable treatment. Actual dosage levels
of constituents of the compositions of the presently dis-
closed subject matter can be varied so as to admimster an
amount of the composition that 1s eflective to achieve the
desired eflect for a particular subject and/or target. The
selected dosage level can depend upon the activity of the
composition and the route of administration. In some
embodiments, the active compounds can be used in dosages

from 0.001-1000 mg/kg body weight.

[0114] Adfter review of the disclosure herein of the pres-
ently disclosed subject matter, one of ordinary skill 1n the art
can tailor the dosages to an individual subject, taking into
account the particular formulation, method of administration
to be used with the composition, and nature of the target to
be treated. Such adjustments or variations, as well as evalu-
ation of when and how to make such adjustments or varia-
tions, are well known to those of ordinary skill in the art.

[0115] 'The therapeutically effective amount can be deter-
mined by testing the compounds i an 1n vitro or 1 vivo
model and then extrapolating therefrom for dosages in
subjects of interest, e.g., humans. The therapeutically eflec-
tive amount should be enough to exert a therapeutically
usetul effect 1n the absence of undesirable side eflects 1n the
subject to be treated with the composition.

[0116] Pharmaceutically acceptable carriers are well
known to those skilled in the art and include, but are not
limited to, from about 0.01 to about 0.1 M and preferably
0.05M phosphate buller or 0.8% saline. Such pharmaceuti-
cally acceptable carriers can be aqueous or non-aqueous
solutions, suspensions and emulsions. Examples of non-
aqueous solvents suitable for use in the presently disclosed
subject matter include, but are not limited to, propylene
glycol, polyethylene glycol, vegetable oils such as olive o1l,
and 1njectable organic esters such as ethyl oleate. Aqueous
carriers suitable for use 1n the presently disclosed subject
matter include, but are not limited to, water, ethanol, alco-
holic/aqueous solutions, glycerol, emulsions or suspensions,
including saline and buflered media. Oral carriers can be
clixirs, syrups, capsules, tablets and the like.

[0117] Liquid carriers suitable for use in the presently
disclosed subject matter can be used 1n preparing solutions,
suspensions, emulsions, syrups, elixirs and pressurized com-
pounds. The active ingredient can be dissolved or suspended
in a pharmaceutically acceptable liquid carrier such as water,
an organic solvent, a mixture of both or pharmaceutically
acceptable oils or fats. The liquid carrier can contain other
suitable pharmaceutical additives such as solubilizers, emul-
sifiers, bullers, preservatives, sweeteners, flavoring agents,
suspending agents, thickening agents, colors, viscosity regu-
lators, stabilizers or osmo-regulators.

[0118] Liquid carriers suitable for use in the presently
disclosed subject matter include, but are not limited to, water
(partially containing additives as above, e.g. cellulose
derivatives, preferably sodium carboxymethyl cellulose
solution), alcohols (including monohydric alcohols and
polyhydric alcohols, e.g. glycols) and their derivatives, and
oils (e.g. fractionated coconut o1l and arachis oil). For
parenteral administration, the carrier can also include an o1ly
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ester such as ethyl oleate and isopropyl myristate. Sterile
liquid carriers are useful 1n sterile liquid form comprising
compounds for parenteral admimistration. The liquid carrier
for pressurized compounds disclosed herein can be haloge-
nated hydrocarbon or other pharmaceutically acceptable
propellent.

[0119] Solid carriers suitable for use 1n the presently
disclosed subject matter include, but are not limited to, nert
substances such as lactose, starch, glucose, methyl-cellu-
lose, magnesium stearate, dicalcium phosphate, manmitol
and the like. A solid carrier can further include one or more
substances acting as flavoring agents, lubricants, solubiliz-
ers, suspending agents, fillers, glidants, compression aids,
binders or tablet-disintegrating agents; 1t can also be an
encapsulating material. In powders, the carrier can be a
finely divided solid which 1s 1n admixture with the finely
divided active compound. In tablets, the active compound 1s
mixed with a carrier having the necessary compression
properties 1n suitable proportions and compacted in the
shape and size desired. The powders and tablets preferably
contain up to 99% of the active compound. Suitable solid
carriers include, for example, calcium phosphate, magne-
sium stearate, talc, sugars, lactose, dextrin, starch, gelatin,
cellulose, polyvinylpyrrolidine, low melting waxes and 1on
exchange resins.

[0120] Parenteral carriers suitable for use 1n the presently
disclosed subject matter include, but are not limited to,
sodium chloride solution, Ringer’s dextrose, dextrose and
sodium chlonde, lactated Ringer’s and fixed oils. Intrave-
nous carriers include fluid and nutrient replenishers, elec-
trolyte replenishers such as those based on Ringer’s dextrose
and the like. Preservatives and other additives can also be
present, such as, for example, antimicrobials, antioxidants,
chelating agents, inert gases and the like.

[0121] Carriers suitable for use in the presently disclosed
subject matter can be mixed as needed with disintegrants,
diluents, granulating agents, lubricants, binders and the like
using conventional techniques known 1n the art. The carriers
can also be sterilized using methods that do not deleteriously
react with the compounds, as 1s generally known 1n the art.
The compounds disclosed herein can take such forms as
suspensions, solutions or emulsions in oily or aqueous
vehicles, and can contain formulatory agents such as sus-
pending, stabilizing and/or dispersing agents. The com-
pounds disclosed herein can also be formulated as a prepa-
ration for implantation or injection. Thus, for example, the
compounds can be formulated with suitable polymeric or
hydrophobic matenials (e.g., as an emulsion 1n an acceptable
o1l) or 1on exchange resins, or as sparingly soluble deriva-
tives (e.g., as a sparingly soluble salt). Alternatively, the
active ingredient can be 1n powder form for constitution with
a suitable vehicle, e.g., sterile pyrogen-free water, belore
use. Suitable formulations for each of these methods of
administration can be found, for example, in Remington.
The Science and Practice of Pharmacy, A. Gennaro, ed.,
20th edition, Lippincott, Williams & Wilkins, Philadelphia,
Pa.

[0122] For example, formulations for parenteral adminis-
tration can contain as common excipients sterile water or
saline, polyalkylene glycols such as polyethylene glycol,
oils of vegetable origin, hydrogenated naphthalenes and the
like. In particular, biocompatible, biodegradable lactide
polymer, lactide/glycolide copolymer, or polyoxyethylene-
polyoxypropylene copolymers can be useful excipients to
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control the release of active compounds. Other potentially
useiul parenteral delivery systems include ethylene-vinyl
acetate copolymer particles, osmotic pumps, implantable
infusion systems, and liposomes. Formulations for inhala-
tion administration contain as excipients, for example, lac-
tose, or can be aqueous solutions containing, for example,
polyoxyethylene-9-auryl ether, glycocholate and deoxycho-
late, or oily solutions for administration in the form of nasal
drops, or as a gel to be applied intranasally. Formulations for
parenteral administration can also include glycocholate for
buccal adminmistration, methoxysalicylate for rectal admin-
istration, or citric acid for vaginal administration.

[0123] Further, formulations for intravenous administra-
tion can comprise solutions 1in sterile 1sotonic aqueous
builer. Where necessary, the formulations can also include a
solubilizing agent and a local anesthetic to ease pain at the
site of the myjection. Generally, the ingredients are supplied
cither separately or mixed together 1n unit dosage form, for
example, as a dry lyophilized powder or water {ree concen-
trate 1n a hermetically sealed container such as an ampule or
sachet indicating the quantity of active agent. Where the
compound 1s to be administered by infusion, it can be
dispensed 1n a formulation with an infusion bottle containing
sterile pharmaceutical grade water, saline or dextrose/water.
Where the compound 1s admimstered by inmjection, an
ampule of sterile water for injection or saline can be pro-
vided so that the ingredients can be mixed prior to admin-
1stration.

[0124] Suitable formulations further include aqueous and
non-aqueous sterile injection solutions that can contain
antioxidants, bullers, bacteriostats, bactericidal antibiotics
and solutes that render the formulation 1sotonic with the
bodily fluids of the intended recipient; and aqueous and
non-aqueous sterile suspensions, which can include sus-
pending agents and thickening agents.

[0125] The compounds can further be formulated for
topical administration. Suitable topical formulations include
one or more compounds 1n the form of a liquid, lotion, cream
or gel. Topical administration can be accomplished by
application directly on the treatment area. For example, such
application can be accomplished by rubbing the formulation
(such as a lotion or gel) onto the skin of the treatment area,
or by spray application of a liqmd formulation onto the
treatment area.

[0126] In some formulations, bioimplant materials can be
coated with the compounds so as to improve interaction
between cells and the implant.

[0127] Formulations of the compounds can contain minor
amounts ol wetting or emulsifying agents, or pH bullering
agents. The formulations comprising the compound can be
a liquid solution, suspension, emulsion, tablet, pill, capsule,
sustained release formulation, or powder. The compounds
can be formulated as a suppository, with traditional binders
and carriers such as triglycerides.

[0128] Oral formulations can include standard carriers
such as pharmaceutical grades of manmtol, lactose, starch,
magnesium stearate, polyvinyl pyrollidone, sodium saccha-
rine, cellulose, magnesium carbonate, eftc.

[0129] In some embodiments, the pharmaceutical compo-
sition comprising the active compound or compounds of the
presently disclosed subject matter can include an agent
which controls release of the compound, thereby providing
a timed or sustained release compound.
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EXAMPLES

[0130] The following Examples have been included to
provide guidance to one of ordinary skill in the art for
practicing representative embodiments of the presently dis-
closed subject matter. In light of the present disclosure and
the general level of skill i the art, those of skill can
appreciate that the following Examples are imntended to be
exemplary only and that numerous changes, modifications,
and alterations can be employed without departing {from the
scope of the presently disclosed subject matter.

Materials and Methods

Chemicals and Reagents:

[0131] Pyronaridine  tetraphosphate  [4-[(7-Chloro-2-
methoxybenzo[b][1,5]naph-thyridin-10-yl)amino]-2,6-bis

(1-pyrrolidinylmethyl)phenol phosphate (1:4)] (11) was pur-
chased from BOC Sciences (Shirley, New York, United
States of America). Favipiravir was purchased from AdooQ)
Bioscience (Irvine, California, United States of America).
Tilorone and pyronaridine was purchased from BOC Sci-

ences. Quinacrine and Chloroquine were purchased from
Cayman Chemicals (Ann Arbor, Michigan, United States of

America) and Sigma Aldrich (St. Louis, Missouri, United
States of America), respectively.

Test Article Preparation for In Vivo Studies:

[0132] Vehicle Preparation: (Pyronardine study): A solu-
tion of 20% of the solubilizer/emulsifier sold under the
tradename KOLLIPHOR™ HS 15 (BASF SE, Lud-
wigshafen am Rhein, Germany) with Water for injection
(WFI) was made to be used for the vehicle. The solubilizer/
emulsifier was melted at 60° C. 10 ml of the solubilizer/
emulsifier was combined with WFI to a final solution
volume of 50.0 ml (20% solution) and mixed using a vortex
mixer for 30 seconds and then sonicated m an ultrasonic
water bath for 25 minutes at 45° C.

[0133] Test Article Dose Preparation: Dose formulations
were prepared by mixing the pyronaridine in the vehicle to
achieve the target concentration. The formulation was mixed
by version 5-6 times and placed on an orbital shaker for
30+5 min.

[0134] Favipiravir Preparation: A 0.5% solution of meth-
ylcellulose was prepared 1n sterile water. To this, the appro-
priate amount of Favipiravir was added and the pH adjusted
until the compound goes into solution. Favipiravir was
prepared prior to challenge and stored at 4-8° C.

Liver Microsome Stability Assays:

[0135] The liver microsome solution (197.5 ul., 0.5 mg/ml

protein concentration) was aliquoted mto 1.1 ml tubes, to
which 2.5 uL of positive control and tilorone stock solutions
(100 uM 1n dimethyl sulfoxide (DMSQ)) were added. The
tubes were vortexed gently, pre-incubated for 5 min at 37°
C., then 50 uLL of 5 mM NADPH or LM butler (no NADPH
bufler) was added into the tubes. For analysis, an aliquot of
30 ul was removed from each tube at 0, 5, 15, 30 and 60 min
(without-NADPH reaction: 0 and 60 min) and quenched
with 300 uL of 5/10 ng/ml terfenadine/tolbutamide in metha-
nol/acetonitrile (1:1, v/v). Samples were vigorously vor-
texed for 1 min and then centrifuged at 4,000 rpm for 15 min
at 4° C. 100 pL. of supernatant from each sample was
transierred to tubes for liquid chromatography-mass spec-
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trometry (LCMS) analysis. The amount of parent compound
was determined on the basis of the peak area ratio (com-
pound area to IS area) for each time point (using a spec-
trometer sold under the tradename AB SCIEX™ 4500 (Life
Technologies Corporation, Carlsbad, California, United
States of America). Clearance rates were calculated by the
equation: t1/2 =Ln(2)’ke and 1 wvitro CL,  (uL/min/mg
protein)=ke*Incubation  volume/Microsomal protein
amount, and ke using equation of 1st order kinetics:

— —ke-t
C.=Cyxe

In Vitro Metabolite Identification of Pyronaridine,
Quinacrine, Chloroquine and Tilorone mm Human, Mouse,
Guinea Pig Liver Microsomes:

[0136] A DMSO solution of test compound was spiked
into 50 mM KH,PO, (pH 7.4) bufler containing liver
microsome at a concentration of 1 mg/mL. The reaction was
initiated by the addition of 1.0 mM NADPH to the reaction
mixture. The final concentration of the test compound was 1
uM. After O min and 60 min incubation at 37° C., an aliquot
was removed and the sample were precipitated with a 1:6
acetonitrile, quenching the reaction. The resulting mixture
was centrifuged and the resultant supernatants were dried at
N, stream, the resultant residue were reconstituted with 300

ul 10% acetonitrile/H,O (v/v) (0.1% FA) before LC-MS/
MS analysis. The supernatant was used for LC-MS/MS
analysis. All separations were performed on an HPLC col-
umn sold under the tradename ACQUITY™ UPLC BEH T3
1.8 um column (2.1x100 mm; Waters Corporation, Milford,
Massachusetts, United States of America) at 25° C. with a
flow rate of 0.3 mL/min. Mobile phase A consisted of 0.1%
formic acid 1n water and mobile phase B consisted of 0.1%
formic acid 1n acetonitrile. Chromatography used a step
gradient by maintaining 1% mobile phase B for 5 min, 10%
mobile phase B over 8.0 minutes, 20% mobile phase B over
2.0 min, 90% mobile phase B over 2 minutes, 95% mobile
phase B over 2 minutes, then re-equilibration back to 1% B
at 20 minutes. The total run time was 22 minutes. For all
samples, a 5 uLL aliquot of sample was injected. The mass
spectrometer (high resolution mass spectrometry (HRMS),
Q-Exactive Plus from Thermo Fisher Scientific, Waltham,
Massachusetts, United States of America) was operated 1n
high-resolution, accurate-mass (HRAM) detection mode

with a mass analyzer sold under the tradename ORBIT-
RAP™ (Thermo Finnigan, LLC, San Jose, Califorma,
United States of America).

Guinea Pig Dose Range-Finding Toxicity for Pyronaridine:

[0137] To assess the tolerance of pyronaridine and to
select dose groups for pharmacokinetics studies, the drug
was given to 5-6-week-old male and female Hartley guinea
pigs (Vital River Laboratories, Beijing, China) as a single
dose by intraperitoneal (1.p.) administration or oral gavage
(PO). The compound was formulated in 20% of a solubi-
lizer/emulsifier sold under the tradename KOLLIPHOR™
HS 15 (BASF SE, Ludwigshaten am Rhein, Germany) 1n
sterile water. There were 8 groups in total (1.p. and oral
control groups), with 6 animals per group (3 male, 3 female).
[.p. administration was 125, 200 and 300 mg/kg and oral was
125, 300 and 600 mg/kg, each with a dosing volume of 5
ml/kg. Clinical observations were imtiated immediately
post-dose and once daily up to 168 hours post-dose.
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Guinea Pig Pharmacokinetics Evaluation of Pyronaridine:

[0138] Guided by the dose range-finding study, the phar-
macokinetics of pyronaridine 1n guinea pigs were initially
assessed at 125 and 600 mg/kg (n=3; male) for 1.p. and oral
administration, respectively, concentrations at or below the
maximum tolerated dose (M'TD) determined by the 7-day
study. Pyronaridine for both oral and 1.p. administration was
solubilized 1n the same vehicle (20% of the solubilizer/
emulsifier sold under the tradename KOLLIPHOR™ HS 15
(BASF SE, Ludwigshaten am Rhein, Germany). Blood was
collected from the treated Guinea pigs at 1, 4, 8, 24, 72, 168,
264, and 336 hours post-dose for processing of plasma. All
samples were analyzed, and drug levels were measured by
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) with a lower limit of quantitation (LLOQ) of 1.0
ng/mlL. Notably, in the pyronaridine 1.p. dosed, 125 mg/ml
group 2 ol 3 Guinea pigs were found dead on days 14 and
1’7 post dose.

Virus Strains:

[0139] For in vivo experiments, a well-characterized
guinea pig-adapted Ebola virus stock (Ebola virus Cavia

porcellus/ COD/1976/Mayinga-CDC-808012 (gpaEBOV))
was used for all eflicacy studies (37).

Initial Cell-Based Testing for Inhibition Against Wild Type
Marburg Virus Strain:

[0140] MARYV expressing green fluorescent protein (GEFP)
was used 1n testing against viral inlibition as outlined
previously (15). In short, inhibitors were tested at 8 con-
centrations for activity. All treatments were done in dupli-
cates, each replicate being on a different plate. Brietly, 4,000
Hela cells per well 1n 25 ul of medium were grown
overnight in 384-well tissue culture plates. On the day of
assay, test compounds were diluted to 200 uM concentration
in complete medium. 25 ul of this mixture was added to the
cells already containing 25 ul medium to achieve a concen-
tration of 100 uM. 25 ul of medium was removed from the
first wells and added to next well. This type of serial dilution
was done & times to achieve concentrations of 100, 50, 25,
12.50, 6.25, 3.12, 1.56 and 0.78 uM. One hour after 1ncu-
bating with the compound 25 ul of infection mix containing
wild type virus was used to infect cells. This resulted 1n a
final concentration of 50, 25, 12.50, 6.25, 3.12, 1.56, 0.78
and 0.39 uM. Bafilomycin at final a concentration of 10 nM
was used as a positive control drug. All virus infections were
done 1 a biosafety level 4 (BSL-4) lab to achieve a
multiplicity of infection (MOI) of 0.075 to 0.15. Cells were
incubated with virus for 24 hours. One day post infection
cells were fixed by immersing the plates in formalin over-
night at 4° C. Fixed plates were decontaminated and brought
out of the BSL-4. Formalin from fixed plates was decanted
and plates were washed thrice with PBS. MARYV 1nfected
plates were immuno-stained using virus specific antibodies.
Nuclei were stained using Hoechst at 1:50,000 dilutions.
Plates were mmaged and nucler and infected cells were
counted using Cell Profiler software.

[0141] Cells were permeabilized using 0.1° A Triton
X-100 (Cat#T8787;, Sigma, St. Lows, Missouri, United
States of America) in PBS and blocked for 1 h i 3.5%
bovine serum albumin (Cat#BP9704100, Thermo Fisher
Scientific, Waltham, Massachusetts, United States of
America), followed by immunostaiming. Fixed cells were
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incubated with an anti-MARYV VLP antibody (Cat#04-0005,
1:1500 dilution, IBT Bioservices, Rockville, Maryland,
United States of America), overmght at 4° C. After 2 washes
to remove any excess antibody cells were stained with
anti-Rabbit  Alexa-346 antibody (Life technologies,
Cat#A11035). After 3 washes to remove any non-specific
antibody nucleir were stained using Hoechst at 1:50,000
dilution and mmaged on a Nikon Ti Eclipse automated
microscope (Nikon Corporation, Tokyo, Japan). Nucle1 and
infected cells were counted using CellProfiler software.
Relative infection compared to untreated controls was plot-
ted 1n GraphPad prism 8.2.1 software (GraphPad Software,
Inc., La Jolla, California, United States ol America).

Follow-Up Cell-Based Testing Against Ebola and Marburg
Virus Strains:

[0142] Compounds were tested 1n vitro against 3 strains of
Ebola virus (Kikwit, Makona, Mayinga) and 2 strains of

Marburg virus (Angola, Musoke): Ebola virus/H.sapiens-tc/
GIN/2014/Makona-005 (EBOV/Mak, GenBank accession

no. KXO000398.1), Ebola wvirus/H.sapiens-tc/COD/1995/
Kikwit-9510621 (EBOV/Kik, GenBank accession no.
KU182903.1); Ebola wvirus/H.sapiens-tc/COD/1976/Yam-
buku-Maymga (EBOV/May, GenBank accession no.
KY425649.1); Marburg virus/H.sapiens-tc/ AGO/2005/Ang-
1379v  (MARV/Ang, BioSample  accession  no.
SAMNO5916381); Marburg virus/H.sapiens-tc/KEN/1980/
Mt. Elgon-Musoke (MARV/Mus, GenBank accession no.
DQ217792). All virus stocks were propagated, and titers
were determined by plaque assay on Vero E6 cells as
previously described (38).

[0143] The 1n vitro infection inhibition of the all the above
filovirus strains was performed 1n Hela cells. Hela cells
were seeded at 3x10” cells/well in 96-well plates. After 24
hours (h), cells were treated with drugs at 2-fold dilutions
starting from 30 uM. Cells were infected with virus 1 hr after
the addition of the drugs in BSL4-containment at a multi-
plicity of infection (MOI) of 0.21 or 0.4. After 48 h, plates
were fixed and virus was detected with a mouse antibody
specific for EBOV VP40 protein (#8-MD04-BD07-AE11,
US Army Medical Research Institute of Infectious Diseases,
Frederick, Maryland, United States of America) (38) or
MARY VP40 protein (Cat# IBT0203-012, IBT Bioservices,
Rockville, Maryland, United States of America) followed by
staining with anti-mouse IgG-peroxidase labeled antibody
(#074-1802, KPL, Gaithersburg, Maryland, United States of
America).

[0144] Luminescence was read on an Infinite® M1000 Pro
plate reader (Tecan US, Morrisville, North Carolina, United
States of America). The signal of treated, infected wells was
normalized to uninfected control wells and measured (in
percent) relative to untreated infected wells. Non-linear
regression analysis was performed, and the 50% inhibitory
concentrations (EC.,s) were calculated from fitted curves
(log [agonist] versus response [variable slope] with con-
straint to remain above 0%) (Graph Pad Software, Inc., La
Jolla, Califormia, United States of America). Error bars of
dose-response curves represent the standard deviation of
three replicates. For quantitation of drug toxicity, HelLa cells
were mock infected (no virus) and treated with drug dilu-
tions under the same conditions as the infected cells. After
48 h, cell viability was measured using a cell viability assay

kit sold under the tradename CELLTITER-GLO™ [ umi-
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nescent Cell Viability Assay kit (Promega Corporation,
Madison, Wisconsin, United States of America) according to
manufacturer’s protocol.

VSV-EBOV-GP Psuedotype Virus Assay:

[0145] Vesicular Stomatitis Virus (VSV) pseudotyped
with EBOV glycoprotein expressing a GFP reporter has
been described previously (39,40). Vesicular Stomatitis
Virus (VSV) pseudotyped with EBOV glycoprotein was
grown by infecting Vero cells and then harvesting via
filtration of the supernatant through 0.4 uM filters 24-30
hours after infection. Virus was then stored at —80 until use.

[0146] The cells were tested and 1maged using the general
methods outlined previously (15). In short, HelLa cells were
plated at a density of 20,000 cells/well of a 96 well plate.
After attachment overnight, cells were pretreated with com-

pounds for 1 hr at predetermined doses. The dosing series in
this case was 25, 12.5, 6.25, 3.12, 1.56, 0.78, 0.39, 0.19,

0.09, 0.04, 0.02 and 0.01 uM. After 1 hr of incubation with
compounds, the cells were infected with Vesicular Stoma-
titis Virus (VSV) pseudotyped with EBOV glycoprotein and
expressing a GFP reporter. 24 hours after infection, cells
were fixed 1n formalin. After fixation, formalin was washed
ofl, nuclei stained with Hoechst and the cells imaged. Green
cells (infected) and blue nuclei (total number of cells) were
counted using cell profiler. Relative infection compared to
untreated controls was plotted in GraphPad prism 8.2.1
software (GraphPad Software Corporation, La Jolla, Cali-
forma, United States of America).

[T

In Vivo Eflicacy Clinical Observations and Scoring:

[0147] Twenty-four (24) experimentally naive Hartley
guinea pigs were assigned to four (4) gender balanced
groups. Guinea pigs were anesthetized for dosing (challenge
and treatment) via i1soflurane inhalation. On study day 0
(SDO0) all guinea pigs were challenged with 1000 PFU of
opa-EBOV m 0.2 mL of Minimum FEssential Medium
(MEM) via mtraperitoneal (1.p.) injection. The viral dose
administered was verified through plaque assay analysis of
the prepared virus suspension.

[0148] Dosing for all pyronarnidine and all tilorone groups
occurred via oral gavage of test/control article on SDO one
hour (135 minutes) post-challenge. Favipiravir (300 mg/kg)
was given by oral gavage once daily from SDO through SD7.
For the pyronaridine study on SD 3 and during unscheduled
euthanasia blood was collected via retro-orbital bleed. For
the tilorone study, blood was collected during unscheduled
and unscheduled euthanasia. Serum was harvested for
viremia measurements via plaque assay.

[0149] Following challenge, animals were monitored
daily by wvisual examination. Clinical scoring and health
assessments were performed and documented at each obser-
vation using the scoring system wherein: 1=Healthy;
2=Lethargic and ruflled fur, 3=Sore of 2 +hunched posture
an orbital tightening, 4 =Score of 330 reluctance to move
when stimulated, paralysis, unable to access feed and water
normally or 20% body weight loss. Body weights were
measured daily during the dosing period (SDO — SD/) and
then every third day until the study was completed. When
amimals reached a clinical score of 2, the frequency of
clinical observations increased to twice daily, 4-6 hours after
the 1mitial observation. When the disease progressed, and the
clinical score increased to a 3, the frequency of observations
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was 1ncreased to three times daily. All surviving amimals
were humanely euthanized on Study Day 21.

Viral Load Determination:

[0150] Serum was harvested from guinea pigs (3 male and
3 female) from each group on SD3 1n the pyronaridine study.
When possible, serum was also harvested from guinea pigs
that met the euthanasia criteria. Serum harvested for plaque
assay analysis was stored frozen (1n an ultralow [1.e., —80°
C.] freezer) until the conclusion of the 1n-life portion of the
ammal study, after which samples were batch processed. For
this assay, the limit of detection in this assay was 100
PFU/mL. For statistical analysis and graphing all values less
than the LOD were assigned a value of one half the LOD.

Guinea Pig Dose Range-Finding Toxicity (Tilorone):

[0151] To assess the tolerance of tilorone and to select
dose groups for pharmacokinetics studies, the drug was
given to 25 male/25 female, 3-6-week-old Hartley guinea
pigs (Charles River Laboratories, Wilmington, Massachu-
setts, United States of America) as once daily administration
tor 7 days via oral gavage (PO). Group 3 animals were dosed
daily on Days 1 through 4, Group 4 animals were dosed on
Days 1 and 2, and dosing for these groups was terminated
carly due to mortality and severe clinical signs. The com-
pound was formulated 1 0.5% CMC 1n sterile water for
injection. There were 5 groups 1n total, with 10 animals per
group (5 male, 5 ftemale). Dosing was 30, 100, 200/150 and
60 mg/kg and vehicle, each with a dosing volume of 10
ml/kg. Climical observations were recorded once daily and
approximately 2-4 hours post-dose on treatment days and on
the day of necropsy. Animals were examined for any altered
clinical signs, including gross motor and behavioral activity,
and observable changes 1n appearance.

Guinea Pig Pharmacokinetics Evaluation of Tilorone:

[0152] The pharmacokinetics of tilorone n guinea pigs
were assessed at 30, 100, 200/150 with 24 animals 1n each
group (12 male/12 female). Blood was collected from the
first 6 amimals/sex/time point and were sacrificed after their
final blood collection. An additional group administered 60
mg/kg had 10 animals (5 male/5 female) and was dosed for
7 days. Male and female guinea pigs received daily admin-
istrations of vehicle control (0.5% methylcellulose, Groups
1), tilorone at 30 (Group 2), 100 (Group 3), 200/130 (Group
4) and 60 mg/kg (Group 5) by oral gavage (po). Animals 1n
Groups 1, 2 and 5 recerved tilorone for 7 days. Group 3
ammals recerved 100 mg/kg for 3 days and then dosing was
discontinued by Day 4 due to mortality or moribund con-
dition. Group 4 animals received 200 mg/kg on Day 1,150
mg/kg on Day 2 and then dosing was discontinued due to
mortality or moribund condition. Blood was collected from
the treated guinea pigs at 0.5, 1, 2, 4, 8, and 24 hours
post-dose for processing of plasma. All samples were ana-
lyzed, and drug levels were measured by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) with a lower
limit of quantitation (LLOQ) of 1.0 ng/m L.

Test Article Preparation for In Vivo Studies (Tilorone):

[0153] Vehicle Preparation (Tilorone study): An appropri-
ate amount of methylcellulose (0.5% weight to final volume)
was added to stirring, preheated, (70+3° C.) sterile water
(30% of final volume) and the mixture will be stirred for

Jan. 11, 2024

105 min until all solid 1s thoroughly wetted and evenly
dispersed. Sterile water was then added to the final volume
and the solution was stirred at room temperature for 6 hr
(£30 min). The vehicle was prepared prior to the start of the
study and stored at 4-8° C.

Test Article Dose Preparation: Dose formulations will be
prepared by mixing the appropriate amount of tilorone in the
vehicle to achieve the target concentration. The formulation
will be mixed by mnversion 5-6 times and placed on an
orbital shaker for 30+5 min. Tilorone was prepared daily.
[0154] Favipiravir Preparation: A 0.5% solution of meth-
ylcellulose was prepared 1n sterile water. To this, the appro-
priate amount of Favipiravir was added, and the pH adjusted
until the compound goes into solution. Favipiravir was
prepared prior to challenge and stored at 4-8° C.

EXAMPLE 1

Testing vs Ebola and Marburg Strains

[0155] Tilorone, pyronaridine and quinacrine were 1ini-
tially tested against Ebola virus (EBOV) Mayinga strain and
it was confirmed that they block the entry stage of infection
in a pseudotype assay. See FIG. 1. It was also found that
these compounds are active against Marburg virus (MARV)
Musoke strain 1n HeLa cells.

[0156] See FIG. 2. These compounds were independently

found to be similarly eflicacious against multiple EBOV
(Kikwit, Mayinga and Makona) and MARV (Musoke and

Angola) strains 1n Hela cells. See FIGS. 3A-3F and Table
1, below. Analysis via a F-test rejects the hypothesis that the
CCs, and the respective 1C;, are the same for each of the
compounds evaluated (EBOV, Mayinga, tilorone 1s ambigu-
ous).

TABLE 1

Pyronaridine, tilorone and quinacrine (£ SD) show a similar efficacy
against multiple strains of EBOV (Kikwit, Mayinga and Makona) and
MARYV (Musoke and Angola) in Hel.a cells.

CCso
Compound  (uM)¢  Virus Strain MOI IC,, (uM)®> SIC
Pyronaridine 4.11 + EBOV Kikwit 021 130 £042 3.2
0.50 Makona 0.21 0.82 £0.19 5.0
Mayinga 0.21 1.01 £0.58 4.1
MARV  Angola 0.21 272 £0.97 1.6
Musoke 04 1.01 £0.11 4.1
Tilorone 18.04 £+ EBOV  Kikwit 0.21 148 £047 12.2
3.04 Makona 0.21 1.14 £ 0.38 159
Maymnga 0.21 1.21 £1.07 15.0
MARV  Angola 021 451 £1.93 4.1
Musoke 04 205 £0.28 8.8
Quinacrine 8.62 £+ EBOV Kikwit 0.21 141 £0.25 6.1
0.02 Makona 0.21 1.05 £0.26 8.2
Mayinga 0.21 1.48 £0.65 5.8
MARV  Angola 0.21 294 +£0.76 29
Musoke 04 1.57 £ 0.17 3.5

“Cytotoxicity was determined in HelLa cells that were mock infected. Data represent
average of 3 dose response curves with 3 replicates per dose.
bEﬁicac}f was determined 1in Hela cells infected at a MOI of 0.21.

Data represent average of 4-6 dose response curves with 3 replicates per dose.
81 = CCs0/ICsy.

EXAMPLE 2

Metabolic Stability Across Species

[0157] The in vitro metabolic stability of pyronaridine 1n
mouse, guinea p1g, non-human primate, and human has been
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previously reported (13). A comparison was performed for
tilorone, quinacrine and chloroquine under largely similar
conditions. Pyronaridine liver microsome (LM) metabolic
stability increased in the order of guinea pig, non-human
primate, human and then mouse. Tilorone had a similar
species-LM stability relationship, with an increase in the
order of guinea pig, non-human primate, mouse, followed
by human. Chloroquine differed, with LM metabolic stabil-
ity 1n the order of mouse, non-human primate, guinea pig
and then human. Finally, quinacrine metabolic stability
increased 1n the order of non-human primate, mouse, guinea
pig and then human. See Table 2, below. The CYP2D6
substrate probe dextromethorphan metabolism closely par-
alleled the species diflerences observed for pyronaridine and
was also used to normalize the t,,,. See Tables 3 and 4.

TABLE 2

Liver Microsomal Metabolic Stability Across Species.
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[0158] Pyronaridine i1s metabolized more rapidly 1n
Guinea pig liver microsomes and 1 vivo as compared to
mouse and the only substrate that 1s metabolized more
rapidly in GPLM then 1n MLM 1is dextromethorphan, cor-
relating the two. Assuming pyronaridine 1s metabolized by
one of these 5 cytochrome P450s and 1ts metabolic rate 1s
related to metabolism of known substrates, then pyronari-

dine 1s likely metabolized by the CYP2D famaily. This 1s also
supported by lower metabolic stability for both pyronaridine

aqd dextromethorphan 1n  non-human primate liver
miCrosomes.
EXAMPLE 3
Metabolite ID Across Species
[0159] Pyronaridine metabolites produced 1n mouse

microsomes were previously characterized (13). The

Species Pyronaridine Tilorone Chloroquine
Mouse t;,» (min) =186 102.7 47.3

Cl,,, (uL <7.4 13.5 29.3

min/mg)

R~ 0.65% 0.91 0.96
Guinea Pig t;» (Imin) 66.1 12.2 132.6

Cly,, (UL 21.0 113.7 10.5

Min/mg)

R” 0.86 1.00 0.90
Non-Human t;,» (min) 89.7 94.3 106.8
Primate Cl,,, (uL 15.5 14.7 13.0

min/mg)

R~ 0.98 0.98 0.97
Human t» (min) 122.2 127.1 201.4

Cl,,, (uL 11.4 10.9 6.9

min/mg)

R” 0.81 0.98 0.95

Quinacrine

12.6

110.0

0.98
17.1
81.3

0.9%
10.1

137.4

0.98
27.5
50.5

0.97

*Poor fit of the data. Based on previous data (unpublished) using 1 mg LM/rxn, as opposed to 0.5 mg/rx,

suggest metabolism in MLM and HLM are very simular

TABLE 3

Liver Microsomal Metabolic Stability Across Species Normalized to Detromethorphan Control.

Dextromethorphan  Dextromethorphan: Dextromethorphan: Dextromethorphan: Dextromethorphan:

Species t;;» (Imin) Pyronaridine Tilorone Chloroquine Quinacrine
Mouse 16.2 >11.5 6.3 2.7 0.8
Guinea Pig 3.2 23.4 3.9 42.1 5.4
Non-Human 5.7 16.7 16.9 19.1 1
Primate
Human 19.7 6.2 6.5 10.3 1.4
TABLE 4
Liver microsomal metabolic stability across species controls
(Phenacetin (CYP 1A2), Diclofenac (CYP 2C9), Omeprazole (CYP
2C19), Dextromethorphan (CYP 2D6), Midazolam (CYP 3A4)).
Dextromethorphan  Midazolam Phenacetin Diclofenac Omeprazole
Species t;,» (min) t;» (min) t;» (mn) t;,» (min) ty;» (min)
Mouse 13.23 1.678 3.3 39.6 15.7
Guinea Pig 2.90 3.749 2.675 N/A 34.0
Non-Human 6.69 4.30 31.95 43.14 25.49
Primate
Human 14.82 2.35 45.2 3.8 23.5
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metabolites of multiple compounds (pyronaridine, tilorone,
quinacrine and chloroquine) were now analyzed across
multiple species (human and guinea pig). See FIGS. 4A-4C,
S5A-5D, 6A-6D, and 7TA-7D. The relative abundancies of the
parent and metabolites were calculated based on their
selected 1on chromatographic peak areas. The relative peak
area abundance (%) for pyronaridine mono-oxygenation
was much higher in guinea pig as compared to human liver
microsomes. See FIGS. 4A-4C and Table 5, below. Tilorone
N-deethylation and mono-oxygenation was higher 1n guinea
pig relative to both mouse and human. See FIGS. 5A-5D and
Table 6, below. Quinacrine O-demethylation was also 2-3
times higher 1n guinea pig. See FIGS. 6 A-6D and Table 7,

below. In contrast, chloroquine mono-oxygenation was
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TABLE 6-continued

Relative Abundancies of Tilorone and Metabolites in Mouse Liver
Microsomes (MLM), Guinea Pig Liver Microsomes (GPLM) and

Human Liver Microsomes (HLM).

Retention Relative Peak
Meta- Time m/z Area/Abundance
bolite (min) (+) Metabolic Pathway MLM GPLM HLM
M8 16.46 356.19 N-di-deethylation 0.2 0.2 0.2

and oxidative

highest in mouse relative to other species. See FIGS. 7A-7D deamination
and Table 8, below. Overall, guinea p1g metabolism for these
compounds 1n LMs differed substantially as compared to the ND = not detected.
other species tested.
TABLE 5
Relative Abundancies of Pyronaridine and Metabolites in Mouse Liver Microsomes (MLM),
Guinea Pig Liver Microsomes (GPILLM) and Human Liver Microsomes (HI.M).
Relative Peak
Retention Area/Abundance
Metabolite  Time (mimn) m/z (+) Metabolic Pathway MLM**  GPLM  HLM
M1 10.90 550.22 Di-oxygenation ND 0.4 0.1
M2 10.94 534.23 Mono-oxygenation 10 7.7 0.1
Pyro- 11.06 518.23 n/a 100 75.9 85.9
naridine
M3 11.16 516.22 Dehydration ND 2.7 2.5
M4* 12.36 516.22 Dehydration ND 6.8 4.2
M5* 14.37 534.23 Mono-oxygenation 5 0.4 0.3
Mb 14.96 548.21 Di-oxygenation and <5 0.3 0.1
dehydration
M7 15.64 47%8.16 Mono-oxygenation, ND 1.2 1.2
dehydration and N-
alkylation
M¥ 16.60 530.20  Mono-oxygenation and ND 0.5 0.5
di-dehydration
M9 16.67 532.21 Mono-oxygenation and <5 2.7 3.9
dehydration
M10 17.33 550.22 di-oxygenation <5 0.7 1.0
M11 18.35 260.06 N-dealkylation ND 0.7 0.2
**previously published data;
*M4 and M35 detected 1n T = 0 mun and standard samples;
ND = not detected.
TABLE 6 TABLE 7

Relative Abundancies of Tilorone and Metabolites in Mouse Liver
Microsomes (MLM), Guinea Pig Liver Microsomes (GPLM) and
Human Liver Microsomes (HL.M).

Retention Relative Peak
Meta- Time m/z Area/Abundance
bolite (min) (+) Metabolic Pathway MLM GPLM HLM
M1 11.00 355.20  N-di-deethylation 1.2 0.5 2.0
M2 11.04 385.25 N-deethylation 1.6 1.0 1.6
and hydrogenation
M3 12.30 383.23 N-deethylation 22.2 156 31.3
M4 12.48 413.28 Hydrogenation 3.0 1.9 3.6
Tilorone 13.61 411.26 n/a 62.9 35,5 5409
M35 13.81 399.23  N-deethylation and 0.6 20.0 0.1
IMONo-oxXygenation
M6 15.12 427.26 Mono-oxygenation 8.2 16.6 0.5
M7 16.26 443.25 Di-oxygenation, 0.1 8.7 8.7

Relative Abundancies of Quinacrine and Metabolites in Mouse Liver
Microsomes (MLM), Guinea Pi1g Liver Microsomes (GPLM) and

Human Liver Microsomes (HLM).

Meta-

bolite

M1

M2
M3
M4
M5*
Quina-
crine

Retention

Time
(min)
11.72

12.10
12.771
12.71
12.96
13.32

m/z

(+)

358.17

386.20
344,15
416.21
372.18
400.22

Relative Peak
Area/Abundance

Metabolic Pathway MLM GPLM HLM

O-demethylation
and N-deethylation
O-demethylation
N-di-deethylation
Mono-oxygenation
N-deethylation
n/a

7.9

14.1
7.8
1.1

36.3

32.0

12.3

30.1
3.5
3.5

24.8

20.7

0.0

9.7
13.2
1.6
36.4
32.3
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TABLE 7-continued

Relative Abundancies of Quinacrine and Metabolites in Mouse Liver
Microsomes (MLM), Guinea Pig Liver Microsomes (GPLM) and
Human Liver Microsomes (HL.M).

Retention Relative Peak
Meta- Time m/z Area/Abundance
bolite (min) (+) Metabolic Pathway MLM GPLM HLM
M6 13.48 416.21 Mono-oxygenation 0.2 1.8 0.3
M7 13.67 416.21 Mono-oxygenation 0.6 1.3 0.5

* M5 detected in TO munute sample and in ACN/H>O (v/v, 1/9).

TABL

L1l

3
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TABLE 9

Mouse Adapted Ebola Efficacy

Compound  Dose (1.p.) Efficacy result
Pyronaridine 75 mg/kg

single dose.

100% survival dosed at 1 h post infection,
plaque assay shows a statistically
significant reduction P < 0.0001 vs
control.

Tilorone 30 mg/kg 100% survival at 2 h or 24 h post
once daily infection. No viable virus detected 1n
dosing for animals at day 28.
8 days.

Relative Abundancies of Chloroquine and Metabolites in Mouse Liver Microsomes (MLM),
(Guinea Pig Liver Microsomes (GPLM) and Human Liver Microsomes (HILLM).

Retention Relative Peak
Time Area/Abundance
Metabolite (min) m/z (+) Metabolic Pathway MLM GPLM HLM
M1* 11.71 264.13 N-di-deethylation 1.6 4.9 2.9
M2* 12.53 292.16 N-deethylation 23.8 24.4 23.3
M3 12.84 452.23 Ribose conjugation 0.1 ND 1.8
M4 12.86 336.18 Mono-oxygenation ND 0.9 D
Chloroquine 13.39 320.19 N/A 42.5 43.3 56.7
M35 14.31 452.23 Ribose conjugation 0.1 ND 8.5
M6 14.36 336.18 Mono-oxygenation 1.0 7.3 D
M7 14.51 308.15 N-deethylation and mono- 2.6 1.7 D
oxygenation
MR 15.39 336.18 Mono-oxygenation 24.6 9.3 1.0
M9 16.50 306.14 N-deethylation, 0.1 1.5 0.1
dehydrogenation, and
mono-oxygenation
M10 16.53 279.09  N-di-deethylation, mono- 3.6 6.7 5.7

oxygenation, and
oxidative deamination

MI1 and M2 were detected at T = 0 min and 1in the standard sample;
ND = Not detected;
D = detected.

EXAMPLE 4

Mouse Adapted Ebola Testing

[0160] Pyronaridine, tilorone and quinacrine were each
dosed 1.p to BALB/c mice. Ebola virus Mus musculus/COD/

1976/Mayinga-CDC-808012 (maEBOV) stock virus from

clarified supernatant from maEBOV-infected Vero E6 cell
monolayers 1n growth medium/20% fetal bovine serum/0.01
M Tris was diluted from the 1.05x10” PFU/ml stock to a
target challenge dose concentration of 1,000 PFU/ml such
that amimals received a target of 100 PFU per 100-ul dose.
Viremia was assessed by plaque assays and qRT-PCR on
samples obtained from mice that met criteria for euthanasia
during daily observation or from animals that survived to the
end of the study.

[0161] Pyronaridine (75 mg/kg) was shown to protect
mice after a single dose showing 100% survival. See Table
9. Tilorone (30 mg/kg) dosed once a day for 8 days dem-
onstrated 100% survival whether dosed at 2 h or 24 h post
infection. Quinacrine (25 mg/kg) was shown to protect mice
resulting 1n 70% survival when dosed 1 h post infection for
8 days.

TABLE 9-continued

Mouse Adapted Ebola Eflicacy

Compound  Dose (1.p.) Efficacy result

25 mg/kg 70% survival dosed at 1 h post infection,
dosed 1 h post plaque assay shows a statistically
challenge for  significant reduction P < 0.093.

8 days.

Quinacrine

EXAMPLE 5

Guinea Pig Dose Range-Finding Toxicity

[0162] The maximum tolerated dose of pyronaridine was
evaluated 1n Hartley guinea pigs. See FIGS. 8A-8F. In the
pyronaridine 1.p.-dosed groups the highest dose level of 300
mg/kg appeared to be toxic, with 4 of 6 guinea pigs found
dead within 30 mins post injection. In addition, one died on
day 7. Surprisingly, the final surviving guinea pi1g showed no
abnormal clinical observations. For the 200 mg/kg 1.p.-
dosed guinea pigs, 2 of 6 were found dead on days 5 and 6
and one met criteria for euthanasia on day 6. The remaining
surviving guinea pigs ifrom this group were found prostate
on day 7. See FIG. 8D. No abnormal clinical observations
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were noted for guinea pigs administered either 125 mg/kg
pyronaridine or vehicle via 1.p. administration for the dura-
tion of the study. Oral dosing drastically reduced toxicity,
with only 1 of 6 having any abnormal clinical observations
at 600 mg/kg, which was detected directly following admin-
istration. This animal was found breathing rapidly for 6
mins, but tully recovered 2 hours post dose. There were no
abnormal clinical observations at 300 or 125 mg/kg via oral
administration. Based on these results, the maximum toler-
ated dose (MTD) for a single pyronaridine dose was deter-
mined as 125 and >600 mg/kg for 1.p. and oral administra-
tion, respectively. See FIG. 8A. The maximum tolerated
dose of tilorone was also tested 1n guinea pigs. See FIG. 9A.

EXAMPLE 6

Guinea Pig Pharmacokinetics Evaluation of
Pyronaridine

[0163] The pharmacokinetics of pyronaridine was evalu-
ated 1n Hartley guinea pigs. See FIGS. 8C and 8F. After an
initial rapid absorption phase, the pyronaridine plasma pro-
file exhibited a distribution phase at about 1 hr, then a
prolonged phase with plasma drug concentrations remaining,
essentially unchanged, or slightly higher until about 72 hrs.
All samples for animals dosed orally and 1.p. contained
measurable levels of pyronaridine though 336 and 168
hours, respectively (LLOQ=1 ng/ml). The plasma drug
levels were analyzed using noncompartmental modeling
allowing for the calculation of pharmacokinetic parameters.
See Table 2, above. Pyronaridine plasma levels reached the
peak 1n the first sample, taken at one hour post administra-
tion. The elimination-phase t,,, was calculated as 72.7 and
90.5 hours for 1.p. and oral administration, respectively. This
1s shorter than the t, ,, found in humans and mice of between
193-251 hours (16, 17) and 146 hours (13), respectively.
Maximum concentration of unbound drug 1n plasma (C_ ),
area under the concentration-time curve from time zero to
the last measurable concentration (AUC, ), and area under
the concentration-time curve from time zero to infinity
AUC,, o are provided in Table 10, below. Dose A was 1235
mg/kg administered IP to 3 male mice, while Dose B was
600 mg/kg administered orally in three male mice. The
pharmacokinetics of tilorone were also evaluated 1n guinea

pigs. See FIGS. 9B, 9C, and 10.

TABLE 10

Mean Pharmacokinetics Data in Male Guinea Pigs Treated with
Pvronaridine.

AUC,,,

C AUC,, . (hr*ng/ml)

FRCEX

(ng/ml) (hr*ng/ml) 10

Dose T ;»th) SE T, . (h) Mean SE Mean SE Mean SE

A 727 9.3 1
B 90.5 3.9 1

523 175 16,565 5269 17430 5428
1800 348 50,964 4406 58,783 6712

EXAMPLE 7

Pyronaridine Efficacy and Clinical Observations

[0164] The eflicacy of pyronaridine was evaluated 1n
Hartley guinea pigs challenged with guinea pig adapted
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EBOV (gpa-EBOV). All animals in vehicle treatment
(Group 1) succumbed to disease by study day 12 (100%
mortality). Group 2 (pyronaridine 300 mg/kg) and Group 3
(pyronaridine 600 mg/kg) resulted 1n 40% and 33% survival,
respectively. Among the 16 animals 1n the combined Group
4 (favipiravir 300 mg/kg), 7 guinea pigs survived through
the end of the 21-day study period; the other 9 guinea pigs
succumbed to disease by study day 14 (43.75% survival).
See FIG. 11A. It should be noted that an animal in Group 2
was euthanized due to a clinical score of 4 on study day 2.
Ebola disease in guinea pigs does not progress this rapidly
so 1t 1s unlikely the animal succumbed to disease and it 1s
more likely the animal incurred esophageal trauma because
of the oral gavage technique. Therefore, this animal was
been removed from data analysis.

[0165] Body weight results for each treatment group are
summarized m FIG. 11B. Animals 1 Group 1 maintained
body weight through study day 7 but decreased by study day
10, when all animals succumbed to disease. Group 2 animal
body weight continuously decreased through study day 7,
with surviving ammals returning to pre-challenge body
weilghts by study day 10. Group 3 animals dropped body
weight following challenge, but the survivors reverted to
pre-challenge body weight by the end of the 21-day study.
It should be noted that an animal 1n this group had developed
clinical signs late and succumbed to infection on study day
1’7. Anmimals 1n Group 4 remained at a consistent body
weight until study day 10 where the mean body weight
began to decrease briefly, but the surviving animals
rebounded to pre-challenge weight by study day 13.
[0166] Plaque assay results from serum samples taken
from amimals that met euthanasia criteria during the sched-
uled observation times from all four groups are presented 1n
FIG. 11D. Only 3 of the 12 terminal samples had detectable
levels of viable gpa-EBOV: one animal from Group 1 (1.15
x 10 6 PFU/mL) and two animals from Group 2 (8.15x10°
geometric mean PFU/mL). Interestingly, all the guinea pigs
treated with favipiravir were below the limit of detection for
the plaque assay. See FIGS. 12A-12D. Serum was also
harvested from guinea pigs (3 male and 3 female) from each

group on study day 3 and yielded quantifiable virus for
vehicle (1 GP, 8.5x10* PFU/m L), pyronaridine 300 mg/kg,

(2 GP, 2.6x10° and 2.0x10° PFU/mL), pyronaridine 600
mg/kg (2 GP, 2.3x10* and 3.1x10° PFU/mL) and favipiravir
groups (1 GP, 2.9x10%).

[0167] Clinical scoring results for each guinea pig was
assessed on a scale ranging from 1-4, where a score of 1
indicated a healthy animal and a score of 4 was indicative of
a moribund animal. All animals 1n each group succumbed at
least partially to disease by study day 8. See FIG. 11A. In
cach group the mean clinical observation increased imnversely
with survival, with each pyronaridine-treated group having
two 1ndependent increases 1n average clinical observations.
Interestingly, during post-study day 8 the average clinical

score 1n the favipiravir group seemed to be independent of
survival. See FIG. 11C.

EXAMPLE 3

Favipiravir and Pyronaridine In Vivo Ellicacy
Using a Meta-Analysis Control

[0168] In order to increase the statistical power of the
study, the favipiravir, positive-control data were combined
from two individual experiments (n=6, n=10) as these used
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comparable approaches and were performed by the same
group. The negative control varied between experiments,
both 1n frequency of administration and vehicle formulation
and were therefore not combined.

[0169] Favipiravir has been shown to protect guinea pigs
from adapted Sudan Virus (18); however 1t only protected
~44% of the animals against gpa-EBOYV, with deaths starting
on study day 6 and continuing until study day 14. See FIG.
11A. These were not statistically different from the treatment
with pyronaridine 300 and 600 mg/kg with 40% and 33%
survival, respectively (Log-rank (Mantel-Cox) test).
Tilorone at the doses assessed were either comparable or had
significantly reduced survival rates as compared to the

vehicle. See FI1G. 12A.

[0170] As there appeared to be a trend of an increased
survival rate of pyronaridine and favipiravir compared to
vehicle (see FIG. 11A) 1t was hypothesized that the lack of
statistical significance could be based on the small study
s1izes (n=6, n=10) and a meta-analysis of published work
performed 1n guinea pigs was performed. The survival rate
of the negative controls from multiple EBOV-challenged GP
studies (either untreated or oral vehicle treatment, n=>53)
(19-21) were combined with the data from the current
studies to evaluate the possible statistical significance of the
ellicacy of pyronaridine and/or favipiravir. Evaluation of
this “meta-analysis control” shows a significant difference
for both pyronaridine 300 mg/kg and favipiravir (Log-rank
(Mantel-Cox) test). See FIG. 13.

[0171] Interestingly, virus was only detected 1n serum
samples collected at the time of euthanasia from one and two
guinea pigs from the vehicle and pyronaridine 300 mg/kg,
respectively, 1n the current pyronaridine study. This differed
in the tilorone study (see FIGS. 9A-9C, 10, and 12A-12D)
where virus was recovered from all but one serum sample
harvested from the guinea pigs 1n the vehicle and tilorone-
treated groups. See FIG. 12D. Virus was not detected in
guinea pigs treated with favipiravir (both survivors and
non-survivors) and was statistically significantly reduced

from vehicle. See FIG. 11D.

EXAMPLE 9

Guinea Pig Dose Range-Finding Toxicity for
Tilorone

[0172] Guinea pigs 1n stratified groups were given vehicle
(Group 1) or tilorone via oral gavage (po) with doses of 30
(Group 2), 100 (Group 3), 200/150 (Group 4) and 60 mg/kg
(Group 5) gq.d. for 7 days with 5 male and 5 female per group
and assessed for survival. See FIG. 9A. Clinical observa-
tions were recorded once daily and approximately 2-4 hr
post-dose on treatment days and on the day of necropsy.
Animals were examined for any altered clinical signs,
including gross motor and behavioral activity, and observ-
able changes 1n appearance. Body weights were recorded for
all animals on Day 1 (pre-dose), Day 4 (Groups 1, 2, 3 and
5) and prior to sacrifice. Group 4 animals that recerved 200
mg/kg of test article had multiple deaths immediately post-
dose, so the next dose level was reduced to 150 mg/kg. Due
to significant deaths and moribund conditions this group was
completely discontinued on day 3.

[0173] Treatment with tilorone at 30 or 60 mg/kg was
relatively well tolerated, with all anmimals surviving to their
scheduled necropsies except one male at 60 mg/kg, which
was sacrificed in moribund condition. Amimals at dose levels
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of 100 mg/kg and higher showed sigmificant mortality and
morbidity. The main clinical observations were hypoactive,
hypothermia and slight to severe tremors i1n the treated
groups. Based on mortality/morbidity at 60 mg/kg and

higher, the maximum tolerated dose (MTD) 1s considered to
be 30 mg/kg. See FIGS. 9A-9C.

EXAMPLE 10

Guinea Pig Pharmacokinetics Evaluation of
Tilorone

[0174] A pharmacokinetic profile was assessed {for
tilorone 1n guinea pigs at 30, 100, 200 mg/kg. See FIG. 9C.
A PK profile was also determined for the 30 mg/kg group at
a 7-day q.d. dosing schedule. See FIG. 9B. Comparison by
respective dose showed there was no statistically significant
in-group difference between male and female GPs or
between a single and 7-day dosing regimen by sex. See FIG.
10. Tilorone had an 1mitial rapid absorption phase, with the
highest plasma concentrations reached soon after dose
administration. The mean plasma drug concentrations 1in
males and females of 30 mg/kg (Day 7), 100 mg/kg and 200
mg/kg had a second lower peak concentration at about 4 hr,
followed by an elimination phase. The plasma drug levels
were analyzed using noncompartmental modeling allowing

for the calculation of pharmacokinetic parameters. See Table
11, below.

TABLE 11

(Guinea pig pharmacokinetics evaluation of tilorone.

AUCI-:IH

Dose T,» T,. C,.. (ng/ml) (hr * ng/ml)

Sex (mgkg) Day  (h) (h) Mean SE Mean SE

Male 30 1 156 1 148 285 1020 145
Male 30 7 133 05 137 345 1230 177
Female 30 1 143 1 220 66.8 1340 145
Female 30 7 NC 05 246 785 1140 195
Male 100 1 NC 1 225 251 2690 193
Male 200 1 290 1 355 127 5750 603
Female 100 1 174 1 384 920 3330 412
Female 200 1 NC 1 448 122 4680 276
EXAMPLE 11

Tilorone In Vivo Eflicacy, Clinical Observations
and Scoring

[0175] Tilorone failed to protect guinea pigs from gpaE-
BOV at the dosages used. See FIG. 12A. Amimals in the
vehicle alone group succumbed to disease between Days 5
and 10. Guinea pigs receiving 15 mg/kg of tilorone suc-
cumbed at a faster rate than the vehicle control and all were
dead by study day 7. Animals receiving 50 or 30 mg/kg of
tilorone mirrored the vehicle controls with the exception of
one guinea pig that was euthanized on Study Day 18 due to
body weight loss.

[0176] All groups showed a reduction in mean body
weilght after challenge. See FIG. 12B. In fact, 19 animals

were euthanized because they met the weight loss criteria.

These were spread across the different groups suggesting
that the virus challenge rather than the test and control

articles was responsible for the weight loss. The guinea pig
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that was enthamized at Day 18 1n the 30 mg/kg tilorone group
started to lose weight on Day 15 and it continued to decrease
on Day 18.

[0177] Blood was collected at non-scheduled euthanasia.
The geometric mean fiter of the combined vehicle control
group was 8.02x10° PFU/mL. All guinea pigs receiving
tilorone had similar geometric mean group ftiters that ranged
from 7.887x10°-13.724x10" PFU/mL. See FIG. 12D.

[0178] Animals receiving tilorone mirrored the vehicle
control group with clinical scores starting to increase on
study day 5. See FIG. 12C. The guinea pig that survived the
longest 1n the 30 mg/kg tilorone group scored a 2 on Days
5-7 then returned to normal (score of 1) until Day 18 when
it scored a 3 and was euthanized because of weight loss.
Animals receiving favipiravir scored a 1 through the treat-
ment period then the group started showing signs of disease
between Day 8 and 9. The three animals that survived to the
end of the study returned to normal by Day 12. Guinea pig
15 from this group scored a 1 throughout the study.

EXAMPLE 12

Ebola Glycoprotein Binding

Additional Materials:

[0179] Toremifene and clomiphene were purchased from
MedChemExpress (Monmouth Junction, New Jersey,
United States of America), and favipiravir was from TRC
Canada (North York, Canada). Zaire ebolavirus disulfide-
linked glycoprotein heterodimer (GP1-GP2) was purchased
from Novus Biologicals (Centenmal, Colorado, United
States of America). According to the manufacturer, EBOV
GP protein 1s purified from CHQO-derived viral expression
with previous internal verification of significant glycosy-
lation.

Microscale Thermophoresis:

[0180] An amount of 200 ug of lyophilized protein was
resuspended in RED-NHS second Generation labeling but-
fer (Nanotemper Technologies, Munich, Germany). This
was followed by the labeling of the primary amines using the

RED-NHS dye accordmg to the manufacturer’s protocol.
Labeled protein was buifer exchanged into 10 mM MES, pH

5.0, 150 mM NaCl, 170 mM sodium malonate at pH 3.2
(MST butffer), and then diluted to a final concentration of 1
pM For each compound, 16 independent stocks were made
in DMSQO using 2-fold serial dilution (10 mM 1nitial con-
centration). The MST buffer used for a final dilution prior to
MST was supplemented with 0.05% Tween 20 and 10 mM
BME. The protein was diluted to 2.5 nM 1n the supple-
mented MST buffer, and 19.5 yL. of this was combined with
0.5 ul. of the compound stock and then mixed thoroughly.
This resulted 1n 2-fold serial dilution testing series with the
highest and lowest concentrations of 250 uM and 7.629 nM,
respectively, with a consistent final DMSQO concentration of
2.5%. These reactions were incubated for 20-30 min prior to
transferring to standard Monolith NT.115 capillaries (Nan-
otemper Technologies, Munich, Germany). Experiments
were run at 20% excitation and high MST power at 23.0° C.
on a Monolith NT.115Pico instrument (Nanotemper Tech-
nologies, Munich, Germany). Favipiravir and toremifene
were also run as the negative and positive controls, respec-
tively.
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[0181] The data were acquired with MO.Control 1.6.1
(NanoTemper Technologies, Munich, Germany). Recorded
data were analyzed with MO.Affinity Analysis 2.3 (Nan-
oTemper Technologies, Munich, Germany). The dissocia-
tion constant K , quantifies the equilibrium of the reaction of
the labelled molecule A (concentration c ,) with its target T
(concentration c,) to form the complex AT (concentration
c.r): and 1s defined by the law of mass action as:

K; =®

(?) indicates text missing or illegible when filed

where all concentrations are “free” concentrations. During
the titration experiments the concentration of the labelled
molecule A 1s kept constant and the concentration of added
target T 1s 1increased. These concentrations are known and
can be used to calculate the dissociation constant. The free
concentration of the labelled molecule A 1s the added

concentration minus the concentration of formed complex
AT. The K , 1s calculated as

(@ —carXDRD —cqr)

CAT

Kd =

(?) indicates text missing or illegible when filed

The fraction of bound molecules x can be derived from
F . where F___ (A) 1s the normalized fluorescence of
only unbound labelled molecules A and F____ (AT) 1s the
normalized fluorescence of complexes AT of labeled as

shown by the equation:

F?‘ID?‘H’E (®) _ F?‘ID?‘H’E (A)
Fﬁﬂrm(AT) _ Fﬁﬂrm (A) |

(?) indicates text missing or illegible when filed

[0182] The MST traces that showed aggregation or outli-
ers were removed from the datasets prior to Kd determina-
tion.

Discussion:

[0183] Using microscale thermophoresis, Kd values were
generated for tilorone (0.73 yuM, see FIG. 14A), pyronari-
dine (7.34 uM; see FIG. 14B), and quinacrine (7.55 uM, see
FIG. 14C). These molecules bind with a higher affinity that
the previously reported toremifene (16 uM), which was used
as a positive control. See FIG. 14B. Additionally, 1t was
found that clomiphene (an ovulatory stimulator) binds to
EBOV glycoprotein (Kd=30.74 uM) while favipiravir and
artesunate did not.

[0184] The sequence of Ebola and Marburg glycoproteins
were compared calculated using the Needleman-Wunsch
algorithm. These resulted in an identity 236/763 (30.9%),
similarity 323/763 (42.3%) and gaps 169/763 (22.1%).
While these comparisons are low, when the binding site of
the glycoprotein 2 structures are compared there 1s a <lang-
strom RMS which would suggest they are quite similar.
Accordingly, 1t 1s believed to be reasonable to infer from the
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Ebola glycoprotein Kd data that these compounds can bind
similarly to the MARYV glycoprotein, destabilizing the gly-
coprotein and preventing cell entry.

EXAMPL.

(L]

13

Discussion of Examples 1-12

[0185] There have been very few small molecule drugs
that have reached the climic for testing against EBOYV,
including favipiravir (22), GS-5734 (remdesivir) (17) and
galidesivir (9). Once daily IV dosed remdesivir has demon-
strated 100% survival 1n non-human primates only (25) and
on this basis 1s being tested in humans during the current
outbreak. Recently, a significant portion of data was
described (499 individuals) from a clinical trial involving

the mvestigation of multiple therapeutics against EBOV
(NCT037719586) with ZMapp (a monoclonal antibody cock-

tail) (26)), remdesivir, MAb114 (a monoclonal antibody)
(27)) and REGN-EB3 (monoclonal antibody combination)
(28)). These preliminary results showed that the antibodies
REGN-EB3 and mAb114 had overall survival rates of 71%
and 66%, respectively, and were much more eflective with
patients with low viremia levels. Both ZMapp and remde-
s1vir were shown to be less effective with a 51% and 47%
survival rates, respectively (10). Ebola generally has a wide
variation 1n its fatality rates of between 25% to 90%,
(average ~50%). While these results are promising for the
monoclonal antibodies, the delivery and administration of
likely temperature sensitive treatments to remote areas 1n
Alrica 1s a potential 1ssue. A highly stable small molecule
drug that could be given orally as a single dose would be
ideal and alleviate some of these logistical challenges that
constitute the critical final stage of delivering a therapeutic
to the patient.

[0186] From this present study, pyronaridine and other
drugs, particularly tilorone and quinacrine, have shown
activity 1n several strains of EBOV and MARYV 1n vitro,

1ndlcat1ng they can have a broad-spectrum activity against
the virus family Filoviridae. Based on pseudovirus data
these compounds appear to be preventing entry of the virus.

See FIG. 1. They were also found to bind to Ebola glyco-
protein more potently than previously described molecules,

suggesting that they can prevent viral cell entry by destabi-
lizing the viral glycoprotein.

[0187] Two of these drugs were studied further in the
guinea pig model of EBOV infection. Pyronaridine did not
show as substantial of a diflerence 1n survival rate in guinea
pig as was observed for mouse. Without being bound to any
one theory, this 1s attributed to the shorter half-life for
pyronaridine 1n the guinea pi1g, such that eflicacious plasma
levels of drug are likely not maintained long enough (90
hrs). The pharmacokinetics varies in other species, where
the half-life in mice and humans 1s approximately 140 hours
and 200 hours, respectively. Many small molecules have
failed to progress beyond guinea pig for treating Ebola due
to a lack of significant ethicacy (4, 19, 21, 29, 30). While
antibodies have been successtully used 1 this model (31,
32), these failures appear to represent a limitation of the
guinea pig model to extrapolate small-molecule eflicacy
against EBOV 1n humans. There are metabolic stability
differences between mouse, non-human primate, human and
guinea pig (13), with the latter having a lower metabolic
stability for pyronaridine. Again, without being bound to any
one theory, this could be one explanation of why several
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drugs perform well in the mouse but fail 1n the guinea pig.
While 1t 1s believed that this has not been determined for
tavipiravir, 1t has been shown that the pharmacokinetics of
this compound exhibit nonlinearity over dose and time in
non-human primates (33), making interspecies comparisons
potentially much more complex. Based on this in vitro data,
it would appear that the metabolic stability of pyronaridine
in the non-human primate can be poor, requiring a dose
adjustment to retain eflicacy in this model. For example, the
dose determined from mouse studies can be doubled. Anti-
bodies are not likely to be metabolized by the same drug
metabolizing enzymes; therefore, they can show more uni-
versal eflicacy across species.

[0188] Several drugs of interest have been studied 1n liver
microsomes ol various species under similar conditions. See
Table 2. Tilorone also appears to have limited metabolic
stability 1 guinea pig and i1s more stable 1 non-human
primate and human liver microsomes. Chloroquine and
quinacrine show different patterns across species. A com-
parison of metabolic stability with the substrate probe dex-
tromethorphan also suggests a role of the CYP2D family in
the metabolism of pyronaridine. It has been shown that
pyronaridine inhibits known substrates of CYP2D6 both in
vitro (8) and 1n vivo (34), suggesting that it could be a
CYP2D6 substrate as well. As described herein, these data
have been supplemented with detailed metabolite 1dentifi-
cation for each of pyronaridine, tilorone, quinacrine, and
chloroquine for the first time. See FIGS. 4A-4C, 5A-5D,
6A-6d, and 7TA-7D. See also Tables 5-8, above. It 1s unclear
what effect EBOV infection has on the metabolic enzymes
such as the P450’s 1n the guinea pig. It 1s believed that
favipiravir has not previously been tested orally against
EBOYV 1n guinea pig (though 1t has demonstrated survival
rates o 83-100% 1n Sudan virus-infected guinea pigs (18)),
and 1t has now been demonstrated to have eflicacy on a par
with what was observed 1in non-human primates (23, 24). In
comparison, pyronaridine (300 and 600 mg/kg) was not
significantly different from survival with oral-administered
favipiravir 1in the guinea pig model ((Log-rank (Mantel-Cox)
test), suggesting a similar eflicacy. The presently disclosed
subject matter takes a novel approach to create a meta-
analysis control to increase the number of animals used as a
negative control. This revealed a statistically significant
difference for both pyronaridine and favipiravir when com-
pared to the control. See FIG. 13. Initial dose ranging work
showed toxicity with pyronaridine when dosed 1.p. 1n guinea
pig (accumulation 1n the abdominal cavity) hence the focus
on oral administration. It should be noted that only a single
dose of pyronaridine was used 1n the eflicacy studies, and 1t
1s feasible that more frequent dosing and/or doubling the
dose to overcome the lower half life will result in a higher
exposure and subsequent increased survival rate.

[0189] In conclusion, the guinea pig in vivo data collected
in this study points to ~40% survival for pyronaridine and
favipiravir against gpa-EBOYV, while the accumulated 1n
vitro metabolic data indicates that the guinea pig can be a
suboptimal model to predict the eflicacy of these compounds
to combat the Ebola disease 1n humans. This could be due to
differences in EBOV mechamism and drug metabolism (e.g.
species diflerences in the metabolic enzymes mvolved (33,
36)). Overall, the combined in vitro and 1n vivo studies with
pyronaridine demonstrate its potential utility for repurposing,
as an antiviral against diflerent strains of EBOV and also for

MARYV.
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Additional Virus Screening

[0190] Pyronaridine tetraphosphate was also tested against
representatives of the herpesviridae, bunyaviridae, togaviri-
dae, arenaviridae, flavivirdae, picornaviridae, poxviridae,
hepatic viruses, respiratory viruses and other wviruses.
Results are shown 1n Table 12. Pyronaridine was also found
to be active against Nipah virus (IC.,=64 nM). Additional
antiviral activity of tilorone and quinacrine are shown 1n
Tables 13 and 14, respectively.

TABL.

(L]

12

In vitro virus testing of pyronaridine.

ECsq ECqg0 CCsg

Cell line (LM) (LM) (uM) S5 Slgg
Herpes Simplex HEF >6 >6 6.52 <1 <1
Virus 1
Vaccinia Virus HFF >1.20 >1.20 4.02 <3 <3
Chikungunya Vero 76 3.2 3.2 1
Virus
Dengue Virus 2 Vero 76 3.2 3.2 1
Ebola virus Vero 76 >1.3 1.3 0
Influenza A MDCK 3.2 3.2 1
virus HIN1
MERS Vero 76 3.2 3.2 1
coronavirus
Poliovirus 3 Vero 76 3.2 3.2 1
Respiratory MA-104 >7.5 7.5 0
synactial virus
Rift Valley fever  Vero 76 3.2 3.2 1
V1irus
Tacaribe virus Vero >3.2 3.2 0
Venezuelian Vero 76 1.8 3.2 1.8
equine
encephalitis
V1irus
West Nile virus Vero 76  >24 24 0
Yellow Fever Vero 76 3.2 3.2 1
V1rus
Zika virus Vero 76 3.2 3.2 1
Zika virus Huh7 3.2 3.2 1
Norovirus HG23 3.5 9.7 >100 29 10
Murine RAW?267.4 >40 >4() >4() 1 1
NOrovirus
Human HFEF >1.2 >1.2 3.17 <3 <3
cytomegalovirus
Hepatitis C Huh7 0.78 1.71 0.89 1 <]
v1rus
Hepatitis B virus ~ HepG2 4.52  >100 3.54 <1 <1
2.2.15
TABLE 13

Additional in vitro Viral Testing of Tilorone.

Cell ECy, CCsg
Genus Type Line (uM)  (uM)

0.23 6.5

Virus Strain

EBOV® Zaire Filovirus —-ssRNA Hel.a

EBOV Zaire Filovirus —-ssRNA Vero 76 =>11*% 11
Influenza Califormia/ Influenza- -ssRNA MDCK =>19 19
A virus 07/20/09 V1rus
H1N1
Tacaribe TRVL Arenavirus -/+ssRNA Vero 76 29*% 32
Virus 11573 (new world)
CHIKV S27 Alphavirus  +ssRNA  Vero 76 4.2% 32
(VR-67)
MERS- EMC Betacorona- +ssRNA Vero 76 3.7% 36
CoV V1rus
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TABLE 13-continued

Additional i vitro Viral Testing of Tilorone.

Cell  ECy, CCsg

Virus Strain Genus Type Line (UM) (uM)
Poliovirus WM-3 Enterovirus  +ssRNA Vero 76 =>25% 25
3
VEEV TC-%83 Alphavirus  +ssRNA Vero 76  18*% 32
Yellow 17D Arbovirus +ssRNA Vero 76 >12 12
Fever

“original anti-EVOYV screen.
*In vitro antiviral data 1n Vero 76 cells can underestimate antiviral activity due to lacking

[FN pathways.

TABLE 14

Additional in vitro Viral Testing of Quinacrine.

Cell ECyq CCs,
Virus Strain Genus Type Line (LM) (LM)
EBOV* Zaire Filovirus -ssRNA  Hela 0.35 6.2
EBOV Zaire Filovirus  —-ssRNA  Vero 76 >12.3*  12.3
CHIKV S27 Alphavirus  +ssRNA  Vero 76 3.2% 10
(VR-67)
VEEV TC-83  Alphavirus +ssRNA  Vero 76 4% 15

“original anti-EVOYV screen.

*In vitro antiviral data in Vero 76 cells can underestimate antiviral activity due to lacking

IEN pathways.

EXAMPL.
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Screening Against Sars2

AS549-ACE2 Cell Assay

[0191] Pyronaridine, tilorone, and quinacrine were tested
for activity against SARS-CoV-2 (SARS-2) using the A549-
ACE2 cell assay. More particularly, each compound was
tested against SARS-2 using an 8-point dose response curve
consisting of serial fourfold dilutions, starting at 10 uM. The
same range of compound concentrations was also tested for
cytotoxicity 1n uninfected cells.

MHYV Assay

[0192] Pyronaridine, tilorone, and quinacrine were tested
for activity against SARS-CoV-2 (SARS-2) using the
murine hepatitis virus (MHV) model 1n murine delayed
brain tumor (DBT) cells. More particularly, each compound
was tested against MHV using an 8-point dose response
curve consisting of serial fourfold dilutions, starting at 10
uM. The same range of compound concentrations was also
tested for cytotoxicity in uninfected cells.

Expression and Purification of Spike RBD of
SARS-CoV-2

[0193] A codon-optimized gene encoding for SARS-
CoV-2 (331 to 528 amino acids, QI560558.1) was expressed

in Exp1293 cells (Thermo Fisher Scientific, Waltham, Mas-
sachusetts) with human serum albumin secretion signal
sequence and fusion tags (6xHistidine tag, Halo tag, and
TwinStrep tag). S1 RBD was purified from the culture
supernatant by nickel—mnitrilotriacetic acid agarose (Qiagen,
Hilden, Germany), and purity was confirmed to by >95% as
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judged by coomassie stained SDS-PAGE. The puriied RBD
protein was buffer exchanged to 1X PBS prior to analysis by
Microscale Thermophoresis.

Microscale Thermophoresis

[0194] Experiments were performed using a Monolith
Pico microscale thermophoresis instrument (Nanotemper
Technologies, Munich, Germany). Briefly, 10 uM protein
was labelled using Monolith Protein Labeling Kit RED-
NHS 2"¢ Generation (Amine Reactive) (Nanotemper Tech-
nnologies, Munich, Germany), with 3-fold excess NHS dye
in PBS (pH 7.4). Free dye was removed according to
manufacturer’s instruction, and protein was eluted in MST
buffer (HEPES 10 mM pH 7.4, NaCl 150 mM), and centri-
fuged at 15 k rcf for 10 min. Binding affinity measurements
were performed using 5 nM protein a serial dilution of
compounds, starting at 250 pM. For each experimental
compound, 16 independent stocks were made in DMSO
using 2-fold serial dilution (10 mM initial concentration).
19.5 pL. of Spike RBD (5 nM) of labeled protein in MST
bufifer containing 0.1% Triton X-100 and 1 mM BME was
combined with 0.5 pl. of the compound stock and then
mixed thoroughly. This resulted 1n 2-fold serial dilution
testing series with the highest and lowest concentration of
250 uM and 7.629 nM, respectively, with a consistent final
DMSO concentration of 2.3%. Protein was incubated on ice
1in presence of compounds for one hour prior to transferring
to standard Monolith NT.115 capillaries (NanoTemper Tech-
nologies, Munich, Germany). Experiments were run at 20%
excitation and high MST power at 23.0° C. on a Monolith
NT.115Pico microscale thermophoresis intrument (Nan-
oTemper Technologies, Munich, Germany). Each experi-
mental compound was run in triplicate.

[0195] The data were acquired with MO.Control 1.6.1
(NanoTemper Technologies, Munich, Germany). Recorded
data were analyzed with MO.Afhnity Analysis 2.3 (Nan-
oTemper Technologies, Munich, Germany). The dissocia-
tion constant K , quantifies the equilibrium of the reaction of
the labelled molecule A (concentration c,) with its target T
(concentration ¢,) to form the complex AT (concentration
c.r). and 1s defined by the law of mass action as:

where all concentrations are “free” concentrations. During
the titration experiments the concentration of the labelled
molecule A 1s kept constant and the concentration of added
target T 1s increased. These concentrations are known and
can be used to calculate the dissociation constant. The free
concentration of the labelled molecule A 1s the added
concentration minus the concentration of formed complex

AT. The K , 1s calculated as

_@-00@-0)
®

(?) indicates text missing or illegible when filed

Kd

The fraction of bound molecules x can be derived from
F where F___ (A) 1s the normalized fluorescence of

RO FLOFFR
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only unbound labelled molecules A and F___ (AT) 1s the
normalized fluorescence of complexes AT of labeled as
shown by the equation:

Fﬂﬂ?‘?ﬂ (®) — Fﬂﬂ?‘?ﬂ (A)
Fﬁﬂrm(AT) _ FHD?“?H (A) |

(?) indicates text missing or illegible when filed

[0196] The MST traces that showed aggregation or outli-
ers were removed from the datasets prior to Kd determina-
tion.

Discussion

[0197] Tilorone, quinacrine, and pyronaridine were tested
in a varlety of different cell types. The most promising
results were achieved 1n A549-ACE?2 cells, in which quina-
crine, tilorone and pyronaridine all showed SARS-CoV-2
inhibition demonstrating IC., values <200 nM (see FIGS.
16A-16D) and good selectivity indices. All the three com-
pounds were tested against a murine hepatitis virus (MHV),
in DBT cells, a model of SARS-CoV-2 replication. Quina-
crine showed an IC., 2.3 uM, pyronaridine showed an IC_,

2.75 uM while for tilorone the dose response curve did not
reach the plateau and the IC., was estimated to be 20 pM.
See FIG. 15.

[0198] Pyronaridine, tilorone and quinacrine were also
tested against the SARS-CoV-2 Spike RBD. The K , values
for tilorone and pyronaridine were of 339 nM and 647 nM,
respectively at pH 7.4 and Kd 631 nM and 618 nM at pH5.2,

respectively. Quinacrine did not demonstrate reproducible
binding to this protein.

EXAMPLE 16

In Vitro Combination Studies

[0199] The 1n vitro infection inhibition of EBOV/Mak
(Makona, IRFO165, 1.98E7 PFU/m L) was performed in
Hel.a. Hel.a cells were seeded at 3x104 cells/ well 1n
96-well plates. After 24 h the drugs were added to cells 1n
a 6X6 matrix with 2-fold serial dilutions with a starting
concentration of 30 uM. The experiment was run on 3-4
replicate plates. The experiment was run on 2 different days.
Cells were infected with virus 1 h after the addition of the
drugs in BSL4-containment at a multiplicity of infection
(MOI) of 0.21 (Huh 7) or 0.5 (Hel.a). After 48 h, plates were
fixed and virus was detected with a mouse antibody specific
for EBOV VP40 protein (#B-MDO04-BD07-AE11, US Army
Medical Research Institute of Infectious Diseases, Freder-
ick, Maryland, United States of America) followed by
staining with anti-mouse IgG peroxidase labelled antibody
(KPL, Gaithersburg, Maryland, United States of America,
#074-1802). Luminescence was read on a Spark 20M plate
reader (Tecan US, Morrisville, North Carolina, United
States of America). The signal of treated, infected wells was
normalized to uninfected control wells and measured (in
percent) relative to untreated infected wells. Non-linear
regression analysis was performed, and the 50% inhibitory
concentrations (ECs,s) were calculated from fitted curves
(log [agonist] versus response [variable slope] with con-
straints to remain above 0% and not exceed 100%) (Graph-
Pad Software version 8.0, GraphPad Software, L.a Jolla,
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California, United States ol America). The EBOV drug
screen assay was performed with three replicates for each
drug concentration. Error bars of dose-response curves rep-
resent the SEM of the replicates.

[0200] For quantitation of drug toxicity, HelLa cells were
mock infected (no virus) and treated with drug dilutions
under the same conditions as the infected cells. After 48 h,
cell viability was measured using a cell viability kit sold
under the tradename CELLTITER-GLO™ [uminescent
Cell Viability Assay kit (Promega Corporation, Madison,
Wisconsin, United States of America) according to manu-
facturer’s protocol

[0201] BRAID analysis (41) calculates synergy by fitting
data to a seven-variable function. The variable K represents
a quantitative synergy value where k<0 implies antagonism,
K=0 mmplies additivity, and k>0 implies synergy. As an
additional reference, “strong synergy” corresponds to K=2.5,
“mild synergy” corresponds to k=1, “mild antagonism”
corresponds to K=-0.66, and “‘strong antagonism™ corre-
sponds to Kk=-1. To assess 1f the combined nhibitory eflect
of pyronaridine and artesunate on EBOV was synergistic,
additive, or antagonistic, a 6x6 checkboard assay with this
pair of drugs at various combined concentrations was ana-
lyzed 1n HeLa. It 1s noted that inhibition data under toxic
concentrations (consistently >50% cell death) were removed
from the analysis. Inclusively, this consisted of only indi-
vidual and combined experiments with concentrations of
pyronaridine that exceeded its CC., (1.e. 5 uM concentra-
tions 1 Hela cells only). All toxicity data was retained for
BRAID analysis.

[0202] The BRAID analysis of pyronaridine and artesu-
nate i1n vitro inhibition data from the checkerboard assay
indicates additivity of these molecules 1n Hela cells. See
FIGS. 17A-17C. Artesunate ameliorates the toxicity of
pyronaridine in the checkboard assay and therefore indi-

rectly potentiates pyronaridine.
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presently disclosed subject matter may be changed without
departing from the scope of the presently disclosed subject
matter. Furthermore, the foregoing description 1s for the
purpose of illustration only, and not for the purpose of
limitation.

1. A method of treating or preventing a disease caused by
a Marburg virus (MARYV) infection in a subject in need of
treatment thereof, wherein the method comprises adminis-
tering to the subject an eflective amount of tilorone and/or
a pharmaceutically acceptable salt thereof.

2-8. (canceled)

9. The method of claim 1, wherein the subject 1s a
mamimal.

10. The method of claim 9, wherein the subject 1s a
human.

11. The method of claim 1, wherein the administering 1s
performed via oral administration, intranasal administration,
or 1ntravenous administration.

12-19. (canceled)

20. The method of claim 1, wherein the MARYV 1nfection
1s an infection of MARYV, strain Musoke.

21. The method of claim 1, wherein the MARYV 1nfection
1s an infection of MARYV, strain Angola.
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